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Abstract 
Despite recent developments in fixed-film combined biological nutrients removal 
(BNR) technology; fixed-film systems (i.e., biofilters), are still at the early stages of 
development and their application has been limited to a few laboratory-scale 
experiments. Achieving enhanced biological phosphorus removal in fixed-film 
systems requires exposing the micro-organisms and the waste stream to alternating 
anaerobic/aerobic or anaerobic/anoxic conditions in cycles. The concept of cycle 
duration (CD) as a process control parameter is unique to fixed-film BNR systems, 
has not been previously investigated, and can be used to optimise the performance of 
such systems. The CD refers to the elapsed time before the biomass is re-exposed to 
the same environmental conditions in cycles. 
Fixed-film systems offer many advantages over suspended growth systems such as 
reduced operating costs, simplicity of operation, absence of sludge recycling 
problems, and compactness. The control of nutrient discharges to water bodies, 
improves water quality, fish production, and allow water reuse. The main objective of 
this study was to develop a fundamental understanding of the effect of CD on the 
transformations of nutrients in fixed-film biofilter systems subjected to alternating 
aeration I no-aeration cycles 
A fixed-film biofilter system consisting of three up-flow biofilters connected in series 
was developed and tested. The first and third biofilters were operated in a cyclic 
mode in which the biomass was subjected to aeration/no-aeration cycles. The influent 
wastewater was simulated aquaculture whose composition was based on actual water 
quality parameters of aquacuture wastewater from a prawn grow-out facility. The 
influent contained 8.5 - 9:3 mg!L a111monia-N, 8.5- 8.7 mg/L phosphate-P, and 45-
50 mg!L acetate. Two independent studies were conducted at two biofiltration rates 
to evaluate and confirm the effect of CD on nutrient transformations in the biofilter 
system for application in aquaculture: A third study was conducted to enhance 
denitrification in the system using an external carbon- source at a rate varying from 0-
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24 ml/min. The CD was varied in the range of0.25- 120 hours for the first two 
studies and fixed at 12 hours for the third study. 
This study identified the CD as an important process control parameter that can be 
used to optimise the performance of full-scale fixed-film systems for BNR which 
represents a novel contribution in this field of research. The CD resulted in 
environmental conditions that inhibited or enhanced nutrient transformations. The 
effect of CD on BNR in fixed-film systems in terms of phosphorus biomass saturation 
and depletion has been established. Short CDs did not permit the establishment of 
anaerobic activity in the un-aerated biofilter and, thus, inhibited phosphorus release. 
Long CDs resulted in extended anaerobic activity and, thus, resulted in active 
phosphorus release. Long CDs, however, resulted in depleting the biomass 
phosphorus reservoir in the releasing biofilter and saturating the biomass phosphorus 
reservoir in the up-taking biofilter in the cycle. This phosphorus biomass 
saturation/depletion phenomenon imposes a practical limit on how short or long the 
CD can be. The length of the CD should be somewhere just before saturation or 
depletion occur and for the system tested, the optimal CD was 12 hours for the 
biofiltration rates tested. 
The system achieved limited net phosphorus removal due to the limited sludge 
wasting and lack of external carbon supply during phosphorus uptake. The 
phosphorus saturation and depletion reflected the need to extract phosphorus from 
the phosphorus-rich micro-organisms, for example, through back-washing. The major 
challenges of achieving phosphorus removal in the system included: (I) overcoming 
the deterioration in the performance of the system during the transition period 
following the start of each new cycle; and (2) wasting excess phosphorus-saturated 
biomass following the aeration cycle. Denitrification occurred in poorly aerated 
sections of the third biofilter and generally declined as the CD increased and as the 
time progressed in the individual cycle. Denitrification and phosphorus uptake were 
supplied by an internal organic carbon source, and the addition of an external carbon 
source (acetate) to the third biofilter resulted in improved denitrification efficiency in 
the system from 18.4 without supplemental carbon to 88.7% when the carbon dose 
reached 24 mL/min The removal of TOC and nitrification improved as the CD 
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increased, as a result of the reduction in the frequency of transition periods between 
the cycles. A conceptual design of an effective fixed-film BNR biofilter system for the 
treatment of the influent simulated aquaculture wastewater was proposed based on 
the findings of the study. 
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1.0 INTRODUCTION 
1.1 Background to the research 
The discharge of nitrogen and phosphorus stimulates excessive algal and other 
aquatic plant growth in sensitive water bodies. Barnes (1994) suggested that the 
local conditions in Australia tend to favour this excessive growth. These conditions, 
coupled with the limited availability of water resources, emphasised the need to 
control nutrient discharges from point and non-point sources. However, despite 
recent developments in fixed-film biological nutrient (organic matter, nitrogen, and 
phosphorus) removal (BNR) technology, most BNR applications employ variations 
of the suspended growth-activated sludge process, often coupled with back-up 
physico-chemical phosphorus removal. BNR using suspended growth systems is 
typically achieved by subjecting the biomass and wastewater stream to a sequence of 
anaerobic, followed by anoxic and aerobic treatment conditions. 
Biological nutrient removal (BNR) refers to the removal of carbon, nitrogen and 
phosphorus from wastewater through biological activity. Biological nitrogen 
removal is achieved through nitrification followed by denitrification. Biological 
phosphorus removal is achieved through the activity of micro-organisms capable of 
phosphorus accumulation within their cells and requires exposing the micro-
organisms and the waste stream to alternating anaerobic/aerobic or anaerobic/anoxic 
conditions in cycles. 
The recent extended droughts in Queensland and other Australian states have focused 
the attention of the locai 'authorities on the threats posed by eutrophication to the 
somewhat limited water supplies in Queensland. The existing wastewater treatment 
systems in Queensland were not originally designed to remove nitrogen and 
phosphorus from the wastewater streams. Of particular concern in Queensland is the 
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protection of the drinking water supplies and the fragile aquatic ecosystems such as 
the Great Barrier Reef in northern Queensland. 
Two examples of recent technologies adopted for retrofitting wastewater treatment 
plants for BNR in Queensland include the Loganholme and Noosa Coastal 
wastewater treatment plants. Both plants have been successfully retrofitted to 
include primary sludge fermentation and BNR reactors, but at a high cost. The 
fermentation products, mainly volatile fatty acids, (VF A's) are necessary to optimize 
biological phosphorous removal. At Loganholme, retrofitting consisted of provision 
of a new high rate primary clarifier, a new completely mixed fermenter with a 
separate thickener, and retrofitting of one of the existing four oxidation ditches to 
incorporate anaerobic, anoxic and aerobic zones necessary for BNR. The project was 
completed in 1995. The early performance results showed that the plant achieved 
less than 0.5 mg/L P and 5 mg/L N in the effluent. The total cost of the complete 
retrofit was $11.7 million ($209/EP), including some infrastructure for future 
expansion. 
The Noosa Coastal WWTP retrofit design has been completed and the construction is 
about to commence. The design specifies the use of a new suspended growth BNR 
reactor in addition to the existing tricking filter and a new primary sludge fermenter. 
The design objective is to achieve, on the average, 5 mg/L total Nand 1 mg/L total P 
in the effluent. 
The wastewater industry in Australia is actively involved in developing and assessing 
biological nutrient removal systems suitable for local application. The alternatives 
considered for upgrading and retrofitting of existing wastewater treatment systems 
for BNR include utilising of chemically assisted sedimentation, and adding biological 
nutrient removal (BNR) treatment steps. In an overview of the municipal wastewater 
treatment industry in Australia, Davis (1993) classified the existing municipal 
wastewater treatment systems into: biological filters; lagoons; activated sludge; and 
primary treatment. The existing wastewater treatment systems were not generally 
designed to remove nitrogen and phosphorus from the wastewater stream. 
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Fixed-film BNR systems incorporating enhanced biological phosphorus removal 
(EBPR) are in the early stages of development, and their application has been limited 
to a few laboratory and pilot-scale experiments. Conceptually achieving BNR in 
fixed-film systems requires exposing the biomass and wastewater stream to a 
sequence of anaerobic, anoxic, and aerobic conditions similar to those used in 
suspended growth systems. 
The maJor limitation that discouraged researchers from developing fixed-film 
combined BNR systems, however, has been associated with the difficulty in exposing 
the micro-organisms and the waste stream to alternating anaerobic/aerobic conditions 
essential for EBPR. In the activated sludge system, such an exposure is easily 
achieved by recycling the biomass through a sequence of anaerobic, anoxic, and 
aerobic zones in the biological reactor. In fixed-film BNR biofilter systems, the 
alternating exposure can be achieved by subjecting the biomass to alternating 
anaerobic/aerobic conditions in a time sequence, and always introducing the 
wastewater flow into the anaerobic zone. This cycling effect, however, creates an 
undesirable transition period during which the performance of the system tends to 
deteriorate. 
Another major limitation of fixed-film EBPR systems is the difficulty in achieving 
regular and controlled withdrawal of the phosphorus-rich biomass without 
interrupting the performance of the system. Backwashing to remove the excess 
phosphorus-rich biomass at the end of the aerobic phase may result in the loss of a 
significant fraction of the active micro-organisms. In addition, it may result in a 
deterioration of the performance of the system during the following transition period. 
On the other hand, without regular and controlled excess biomass removal, the 
capability of fixed-film systems to achieve a significant net EBPR becomes limited 
and the system behaves as a reservoir with a limited phosphorus storage capacity. 
A limited number of studies have been reported on EBPR using fixed-film biofilter 
systems. When used for EBPR, fixed-film phosphorus removal technology presents 
several advantages over activated sludge processes, including (Goncalves et al., 
1994): (1) increased phosphorus uptake capacity due to the high biomass retention in 
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the system (2) unlike suspended growth systems, phosphorus removal is independent 
of clarifier performance. Fixed-film systems do not present this constraint and still 
ensure low suspended matter residuals in the effluent; (3) independence between the 
hydraulic residence time (HRT) and the solids (biomass) retention time (SRT) in 
biofilm reactors facilitating optimisation of the anaerobic contact time; and (4) in a 
fixed-film system, achievement of strict anaerobic conditions is possible, thus 
eliminating the nitrate interference that may occur in an activated sludge system 
during recycle of poorly denitrified sludge. 
Unlike suspended growth systems, fixed-film BNR removal systems are compact and 
can be installed in modular form, which makes them more suitable for industrial 
applications as well as domestic wastewater treatment. Because of their operational 
advantages, the development of feasible fixed-film systems remains a valid and 
important objective of the domestic and industrial wastewater treatment industry. 
Accordingly, there is definite need for continued research and development of fixed-
film BNR systems. 
The research effort to develop and optimise suspended growth BNR systems is well 
established. However, because of the emphasis on suspended growth systems, the 
current research did not directly identify important process parameters that have 
significant impacts on the performance of BNR systems. This study identifies the 
cycle duration (CD), the elapsed time before the biomass is re-exposed to the same 
environmental conditions in a new cycle, as an important BNR process parameter (in 
addition to the hydraulic retention time, solids retention time, organic loading rate, 
and the surface area of the filter media in fixed-film) and suspended growth systems. 
However, unlike suspended growth system, the CD in fixed-film systems is an 
independent process variable. For suspended growth systems, the CD depends on a 
number of parameters, such as the hydraulic residence time, clarifier performance 
and biomass recirculation. This study attempted to confirm that the CD can modify 
the transformations of nitrogen (N), total organic carbon (TOC), and phosphorus (P) 
in fixed-film BNR systems. 
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Controlling the CD creates environmental conditions that can enhance or inhibit 
biological activity. For a short CD approaching zero, the environmental conditions 
within the unaerated biofilter (first biofilter in the series) may remain aerobic because 
the biomass is re-aerated before the residual oxygen from the previous cycle is 
consumed. Longer CDs permit the establishment of extended anaerobic conditions 
within the unaerated biofilter. An infinite CD corresponds to a situation in which the 
aerated biofilter remains aerobic and the unaerated biofilter remains anaerobic. 
Neither of the two CD extremes (zero and infinity) favours EBPR. Accordingly, 
EBPR may occur within the two CD extremes. However, the impact of varying the 
CD is not limited to modifying the concentration of oxygen alone. The 
environmental conditions created by varying the CD may have significant impact on 
the biofilm and biomass characteristics. 
The research activity presented and discussed in this thesis presents a major 
contribution in the area of the development and understanding of fixed-film BNR 
systems. This has been achieved by developing a fixed-film BNR system and 
presenting the theory and experimental evidence that explains how such systems 
function in terms of the nutrient transformations for achieving BNR. The 
identification of the CD as an independent process parameter for fixed-film BNR 
systems and the research results presented in this study confirm that the hypothesised 
effect of the CD on BNR represents a novel contribution in this field of research. 
1.2 Objectives 
The main goal of this study was to develop a fundamental understanding of the 
transformations of nitrogen and phosphorus in fixed-film biofilter systems subjected 
to alternating aeration/no-aeration cycles. The specific objectives of the study were: 
1. to develop a fixed-film biofilter system capable of removing organic matter, 
nitrogen, and phosphorus from a simulated aquaculture wastewater stream; 
2. to evaluate and verify the effect of CD on the simultaneous transformations of 
organic matter, nitrogen, and phosphorus in the system; 
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3. to develop operational strategies based on the CD for removing organic matter, 
nitrogen, and phosphoms from the selected wastewater stream; and 
4. to contribute to the development of performance data for full-scale application of 
fixed-film BNR technology on how such systems behave when the biomass is 
exposed to alternating anaerobic/aerobic or anaerobic /anoxic conditions in cycles 
The Australian Ejjluent Wastewater Discharge Requirements in Perspective 
Until recently, the discharge of wastewater to Queensland's waterways required a 
licence under the Clean Waters Act 1971, which was repealed by the Environmental 
Protection Act 1994. The discharge licences issued by the Queensland Department 
of Environmental (DoE) specify limits on individual wastewater contaminants, such 
as: biochemical oxygen demand (BOD); suspended solids (TSS); total nitrogen; and 
total phosphorous. For example, one licence issued by the DoE for a BNR 
wastewater treatment plant with a capacity of20,000 equivalent persons specified a 
maximum concentration of 10 mg/1 total nitrogen and 2 mg/1 total phosphorous 
(Queensland DPI, 1994). Such limits are issued, on a case-by-case basis, to protect 
the uses of individual receiving waters, taking into account the sensitivity of waters 
to nutrient loadings. The DoE has put forward an Environmental Protection Policy 
for Water 1995 that proposed to classify the water bodies in the state by use and to 
define the desired water quality objectives to protect such uses. 
In other countries such as the European Union/United Kingdom the requirements for 
discharges from urban waste water treatment plants to sensitive areas which are 
subject to eutrophication were set by the Directive Concerning Urban Waste water 
Treatment for the year 1991 to be at 2 mg/L for total phosphoms with an 80% 
reduction in relation to the load of the influent, and 15 mg/L total nitrogen with a 70-
80% reduction in relation to the load of the influent. 
Sensitive areas are classified as water bodies that fall into one of the following 
groups: Natural fresh water lakes, estuaries, coastal waters and other water bodies 
which are found to be eutrophic or which in the near future may become eutrophic. 
Also surface fresh waters intended for abstraction of drinking water which could 
retain more than the concentration of nitrate laid down under the relevant provisions 
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of the Council directive 75/440/EEC of June 16, 1975 concerning the quality 
required of surface water intended for abstraction of drinking water in the Member 
States if action is not taken, or areas where further treatment than that prescribed in 
article 4 of the directive is necessary to fulfil the Council Directive. 
Industrial facilities discharging directly to Waters of the United States of America 
(U.S.A) are required to obtain a National Pollutant Discharge Elimination System 
(NPDES) Permit. "Major" industrial NPDES Permits are issued for facilities which 
are determined to have a potential to cause a significant impact to the receiving 
water. Indirect dischargers, facilities discharging to a public owned waste collection 
system, are regulated by the local sewer authority which may be required to 
implement a pre-treatment program . A typical industrial (NPDES) permit contains 
the following: Numeric Discharge Limitations: Effluent Monitoring, Requirements, 
Biomonitoring Requirements, Special Report Requirements, (including information 
required, and submittal deadlines): A Schedule of Compliance (includes actions 
needed and deadlines). "General Conditions". however, include standard language 
for all wastewater dischargers (USEPA Internet Web Site october 1998). 
Industrial discharges include a broad range of wastewaters as a result of various 
industrial processes (e.g. chemical manufacturers, pulp and paper mills, steam 
electric power plants, iron and steel manufacturing facilities, etc.) and generally 
employ treatment processes designed for those specific wastewaters. Industrial 
wastewater treatment may be similar to that used in municipal treatment systems or 
they may consist of one or more of a wide variety of treatment technologies. .EPA 
has established categorical standards for more than 50 different industrial categories 
(USEPA Internet Web Site october 1998). 
The USEP A, Region 5 and the States regulate the discharge of pollutants to waters of 
the United States from point sources. The NPDES regulations currently divide 
dischargers into categories based on types of facilities, processes, discharges, and 
proprietorship. Individual, general, and pre-treatment permits are issued under the 
NPDES program. The Code of Federal Regulations provide for public participation 
in various aspects of the 
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National Pollutant Discharge Elimination System including developing State NPDES 
programs, setting water quality standards, permit development and issuance, and 
permit compliance and enforcement (USEPA Internet Web Site October 1998). 
Under Section 402 of the Clean Water Act (CWA) all point source discharges of 
pollutants to waters of the United States (including lakes, rivers, wetlands, etc.) must 
be authorised under a National Pollutant Discharge Elimination System (NPDES) 
permit. There are a few exceptions for discharges such as return flows from irrigated 
agriculture, and runoff from agricultural crop lands and forest lands. Additionally, 
certain point source discharges of storm water are not currently required to have 
NPDES permits, although many types of storm water (including storm water 
discharges associated with industrial activity and construction activity disturbing five 
or more acres, and discharges from large cities' storm sewer systems) are regulated 
under the NPDES permit program. he discharge of dredged and fill materials into 
waters of the United States is not regulated under NPDES permits, but is subject to 
permit requirements under Section 404 of the CW A (USEP A Internet Web Site 
October 1998). 
These permits are issued by the U.S. Army Corps ofEngineers. NPDES permits 
issued for point sources must contain provisions for the discharge to meet water 
quality-based provisions of Section 301 of the CWA. This means that discharges 
may not contain pollutants or characteristics in levels which would cause the 
receiving water body to fail to meet a water quality standard set by the State or the 
USEPA for that water body. In addition, discharges must meet the technology-based 
requirements of Section 301 the CW A. In other words, discharges must meet an 
acceptable level of pollution control for that type of discharge, regardless of whether 
or not that level of control is specifically needed to protect the water body to which 
the discharge is directed. In short, water quality-based standards are designed to 
protect specific water bodies, and technology-based standards are designed to assure 
a minimum level of control for a particular class of discharge, no matter where that 
discharge takes place (USEPA Internet Web Site October 1998). 
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In addition to direct discharges to waters of the United States, industrial discharges to 
sanitary sewer systems must also meet standards of performance including industry-
specific technology-based standards, and other local limitations designed to protect 
the wastewater treatment plant to which the indirect discharge is directed, as well as 
the receiving water to which the wastewater treatment plant itself discharges. In the 
case of these "indirect" discharges, NPDES permits are not required, but pollution 
control standards are generally implemented through locally-issued permits under 
the Industrial Pre-treatment Program. Whether discharges are authorised under 
NPDES permits or under the industrial pre-treatment program, the most stringent 
applicable control requirements must be met. Dischargers are required to monitor 
and report compliance with the conditions of their permits on a regular basis. 
Failure to meet the conditions of an NPDES permit or the Industrial Pre-treatment 
Program constitutes violation of the CW A, and USEP A and authorised states may 
bring a range of enforcement actions for such violations. In addition, citizens may 
bring suits for CW A violations under Section 505 of the CW A (USEP A Internet 
Web Site October 1998). 
Within Region 5, the implementation of the NPDES permit and industrial pre-
treatment programs is carried out by authorised state agencies. USEP A maintains an 
oversight role, and assists in assuring compliance with the NPDES permits and 
industrial pre-treatment requirements. States have primary responsibility for 
performing inspections of industrial and municipal point source discharges. USEP A 
also regularly performs such inspections (USEPA Internet Web Site October 1998). 
1.3 Scope 
To achieve the objectives of this study, a fixed-film biofilter system was developed 
and tested. The system consisted of three up-flow biofilters connected in series. The 
system was operated in a cyclic mode in which the biomass was subjected to 
aeration/no-aeration cycles. 
Three independent studies were conducted using the developed system: 
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1. phase 1 experiments were designed to study the effect of CD on phosphorus and 
nitrogen transformations in the biofilter system. The system was operated at 1 00 
mL/min flow rate, and the cycle durations covered were 0.25, 2, 3, 6, 12, 24, 48, 
and 72 hours; 
2. phase 2 experiments were designed to confirm the trends observed during phase 1 
experiments of the effect of CD on phosphorus and nitrogen transformations in the 
biofilter system, and to investigate whether the nitrogen and phosphorus activities 
were influenced by the biofiltration rate. The system was operated at 200 mL/min 
flow rate, and the cycle durations covered were 0.5, 3, 4, 9, 12, 15, 24, 48, and 120 
hours; and 
3. phase 3 experiments were designed in two parts: part one to study denitrification 
using an external carbon source, and part two to study the effect of re-arranging 
the biofilters in anaerobic/anoxic/aerobic sequence on denitrification and 
phosphorus activity. The system was operated at 12 hours CD and 200 mL/min 
flow rate for both sets of experiments. An external carbon source was injected to 
the third biofilter during part one experiments at the following flow rates (0, 5.5, 
9.7, 13.8, and 24 mL/min). These flow rates resulted in the following TOC/Total 
Inorganic Nitrogen (TIN) ratios: 0.1, 1.3, 1.9, and 3 respectively. For part two 
experiments, the biofilters were re-arranged in anaerobic/anoxic/aerobic sequence, 
and the nitrified effluent was recycled to the anoxic biofilter. The transformations 
of nutrients were then monitored. 
1.4 Engineering significance 
This study contributes towards developing the fundamental understanding of fixed-
film BNR systems. The data, thoughts, and analysis presented in this thesis should 
contribute towards the development of such systems and provide a strong basis for 
further studies and investigations of fixed-film BNR systems. 
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1.5 Thesis organisation 
This thesis is organised in six chapters. Chapter 1 is the introduction. Chapter 2 is 
the literature review and analysis covering the recent literature and research 
advancements in the field of BNR. Chapter 2 also details biological phosphorus 
removal theory, emerging BNR optimisation strategies and combined suspended 
growth nutrient removal processes. The literature review presents an analysis of 
fixed-film biological nutrient removal technology, the current research activity in this 
field, and documents the need for further research on fixed-film BNR. 
The materials and methods used are covered in Chapter 3, which also describes the 
design of fixed-film systems and the rationale behind the design, operational 
procedures, and the system controls. Chapter 3 also details the background of the 
research study, the experimental design employed to achieve the objectives of the 
study, and the analytical techniques used. In Chapter 4, the results of the three 
experimental phases of the study are presented and discussed. In Chapter 5, a critical 
discussion of the results and their significance is presented. The conclusions and 
recommendations for future studies are presented in Chapter 6. 
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2.0 LITERATURE REVIEW AND ANALYSIS 
2.1 Biological nutrient removal 
The discharge of nitrogen and phosphorus stimulates excessive algal and other 
aquatic plant growth in sensitive water bodies. Barnes (1994) suggested that the 
local conditions in Australia tend to favour this excessive growth. The particular 
local conditions were summarised as follows: 
1. high sunlight intensity and duration with high ambient temperatures; 
2. small surface water resources susceptible to eutrophication; 
3. extended drought periods leading to reduction in stream flows and increased 
impacts; 
4. expanding regional inland centres, and major cities located near small river 
bodies; and 
5. many slow-moving rivers. 
The above conditions, coupled with the limited availability of water resources, 
emphasised the need to control nutrient discharged from point and non-point sources. 
This emphasis on nutrient control is not limited to Australia. In the past 10 years, 
considerable research has been undertaken world-wide to control the discharge of 
nutrient to sensitive water bodies. Many countries have enacted legislation to control 
the discharge of phosphorus and nitrogen in wastewater treatment plant effluents. Of 
the various nutrient control processes available, biological nutrient removal has 
become one of the favoured methods. 
Biological nutrient removal (BNR) refers to the removal of carbon, nitrogen and 
phosphorus from wastewater through biological activity. Biological nitrogen 
removal is achieved through nitrification followed by denitrification. Biological 
phosphorus removal is achieved through the activity of micro-organisms capable of 
phosphorus accumulation within their cells. 
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2.2 Nitrification 
Nitrification is an aerobic process carried out by autotrophic bacteria, predominantly 
Nitrosomonas and Nitrobacter. Nitrifiers derive energy from the oxidation of 
ammonia ( NH;) and Nitrite (NO;). Nitrosomonas can only oxidise ammonia to 
nitrite, and Nitrobacter can only oxidise nitrite to nitrates (NO;); both use inorganic 
carbon compounds for cell synthesis. The growth rate for Nitrosomonas is typically 
reported to be less than that of Nitrobacter (Carley and Maveinic, 1991). Other 
species of bacteria reported to be capable of oxidising ammonia to nitrite include 
Nitrosococcus, Nitrosopina, Nitrosogloea, and Nitrosocystis (Abeysinghe, 1995). 
Simplified reactions representing biological nitrification, including cell synthesis, are 
summarised in Table 2.1. 
Table 2.1. Nitrification stoichiometric reactions (Metcalf and Eddy, 
1991 
1. For Nitrosomonas: 
Nitrosomonas 
(2.2.1) 
2. For Nitrobacter: 
Nitrobacter 
+400NO; (2.2.2) 
Biological ammonia oxidation using activated sludge is a well known technology that 
can be optimised using model simulations (Lesouef et al., 1992; Zhao, 1994). The 
process requires high solids retention time in the system to ensure proper 
accumulation of the slow-growing nitrifiers and an anoxic zone. Virtually complete 
nitrification will occur provided that: 
1. the pH is maintained between 7 and 9; 
2. the dissolved oxygen is maintained above 2 mg/L; 
3. no substances toxic to the nitrifying bacteria are present in the wastewater (Adams 
and Eckenfelder, 1977); and 
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4. the solids are retained in the system sufficiently long to prevent the washing out of 
the slow-growing nitrifying bacteria. 
Sustaining nitrification require the microbial population to be a mixed culture of 
autotrophic nitrifiers and heterotrophic bacteria that oxidise biodegradable organic 
matter present in the treatment system. The long sludge ages and high dissolved 
oxygen concentrations needed for stable nitrification create conditions favourable for 
growth and accumulation ofheterotrophs. Thus, heterotrophs are always present in 
nitrifying processes. Even waters with no measurable BOD support heterotrophs 
when nitrification is active (Rittman et al., 1994). 
Fixed film nitrogen removal systems include trickling filters, submerged biofilters, 
fluidised bed biofilters and submerged biological contactors. The requirements for 
efficient nitrogen removal are similar to those described for suspended growth 
systems. 
The first investigation of combined carbon oxidation-nitrification in trickling filter 
was published by Stenquist et al. (1974). More recently, nitrification in trickling was 
reported by Daiger et al. (1993). These studies indicated that nitrifiers become 
established in the lower portion of the trickling filter, where the specific growth rate 
for the heterotrophs is limited by the much reduced concentration of organic matter. 
2.2.1 Factors affecting nitrification in biofilters 
Boller et al. (1993) classified the environmental factors that affect the performance of 
nitrifying bacteria in biofilters into two groups. The first group includes biofilm 
specific parameters, and the second group includes reactor specific parameters. A 
summary is provided in Table 2.2. 
Typically, oxidation of 1 mg of ammonia lowers the alkalinity by 7.14 mg as CaC03 
' 
and 2 moles of hydrogen ions are produced for each mole of ammonia-nitrogen 
oxidised. Many researchers (Haug and McCarty, 1972; Collins et al., 1975; Kaiser 
and Wheaton, 1983; Rogalla, 1991) observed that the decline in alkalinity and pH 
induces a consequent drop in the nitrification rate. Haug and McCarty (1972) 
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showed that nitrification slowed at pH 6 and stopped when pH was below 5.5. 
However, they demonstrated that nitrifying bacteria adapted to pH values as low as 
5.5 in 10 days. Collins et al. (1975) reported that nitrifiers adapted to even lower pH 
values. Nitrification at reduced pH values ensures that most of ammonia-nitrogen is 
in the non toxic ammonium ion form (Abeysinghe, 1995). 
Table 2.2 Parameters affecting the performance of nitrifying biofilms 
(after Soller et al., 1993) 
Biofilm specific parameters Reactor specific parameters 
• Dissolved nutrient concentration at • Reactor configuration: Plug flow; 
and in the biofilm: COD, • Reactor hydraulics: laminar 
Ammonia, Nitrite, Nitrate, Oxygen; turbulent; 
• Alkalinity and pH; • Oxygen transfer; 
• Concentration of toxic substances; • Biofilm sloughing; and 
• Diffusion coefficients of nutrient; • Biofilm grazing. 
• Biofilm density of nutrient; and 
• Growth rates of microbial species. 
Haug and McCarty (1972) and Collins et al. (1975) (in Abeysinghe, 1995) reported 
that, although nitrification stopped at low pH below 5.5, low pH was not toxic to 
nitrifiers. Increasing the pH resumed nitrification. However, the concentration of 
toxic ammonia-nitrogen increased with increasing pH. Accordingly, buffering 
should be done carefully to prevent the concentration of toxic ammonia from rising. 
In addition, increased nitrifier activity could increase the nitrite concentration levels 
in the effluent. Both nitrite and ammonia can be toxic to fish, and proper and 
continuous buffering to maintain the balance is important in the nitrifying systems 
(Collins et al., 1975). The recommended chemicals for use in nitrification systems 
are calcium carbonate (CaC03) and sodium bicarbonate (NaHC03). For 
nitrification, it is recommended that alkalinity be kept above 100 mg/L as CaC03 
and pH be kept in the range 6.5 to 8.5 (Forteath, 1991). 
2.2.2 Optimisation of oxygen transfer through media selection 
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Watanabe et al. (1995) investigated an upflow biofilter system in which biofilms 
were developed on horizontally installed stainless steel meshes. Biofilms attached to 
the stainless meshes grew on and beneath the meshes and physically filtered out 
and/or adsorbed suspended particles in the wastewater. Stable nitrification was 
achieved at empty bed residence time (EBRT) = 10 hours corresponding to a 
hydraulic loading of 86 Lfm2 d and a ratio of aeration rate to wastewater flow rate 
(A/W) of 2. The aeration rate was considerably low compared with aeration rates of 
typical activated sludge systems. 
Air bubbles were trapped by layers ofbiofilms attached to the meshes for a relatively 
long time, and created air phases with thicknesses in the range of 0.1-0.5 em beneath 
the stainless steel meshes. Oxygen dissolved in the wastewater more efficiently 
bringing the biofilm in contact with both air and water phases. The high aeration 
efficiency in the system was explained as the result of the following (Watanabe et al., 
1995): 
1. the injected air was trapped by the biofilm for a period of time (usually about 30-
60 seconds, depending on the aeration rate), creating thin air layers beneath the 
biofilms; and 
2. the pressure inside the created air phases was higher than atmospheric pressure 
due to compression by water flow in addition to the hydraulic pressure; this 
enhanced the solubility of oxygen. 
2.3 Denitrification 
Denitrification is a biological process that converts nitrates and nitrites to nitrogen 
gas while utilising organic carbon for energy and cell synthesis. Many heterotrophic 
bacteria, such as Pseudomonas, Archromobacter, Flavobactrium, Aerobacter, 
Micrococcus, Proteus, Lactobcillus, Spirillum, and Bacillus are known to have 
denitrification capabilities (Carley and Maveinic, 1991; Metcalf and Eddy, 1991). 
Some facultative anaerobic bacteria also have the ability to reduce nitrate to nitrite, 
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however they are not considered to be true denitrifiers because they are incapable of 
converting nitrates to nitrogen gas (Wilderer et al., 1987). 
True denitrifiers can use either oxygen, or nitrate and nitrite, as the terminal electron 
acceptors, while facultative anaerobic bacteria can not use nitrites for the same 
purpose (Carley and Maveinic, 1991). In this respect, true denitrifiers maintain 
aerobic metabolism in the absence of free oxygen by utilising oxygen bound to 
nitrates and nitrites. An electron donor may be the organic compounds originally 
contained in wastewater, or added from an external source or a combination of both 
(Hanaki et al., 1989). 
Denitrification is achieved under anoxic conditions. The process requires the 
presence of a biodegradable carbon source and nitrates and/or nitrites. The 
denitrification process is affected by the availability of nitrates, nitrites and other 
environmental factors such as the presence of oxygen, temperature, pH, and alkalinity 
(Metcalf and Eddy, 1991; Beccari et al., 1983 cited by Aitken, 1983). 
The addition of an external carbon source is well documented as having an effect on 
the rate of the denitrification process, including biological phosphorus removal. 
Denitrification is known to require a source of organic substance to be added either 
from an internal or external source. The trend in recent years has been to utilise 
internal carbon reserves for better economy of the process, less sludge production, 
and more optimal usage of organics within the wastewater (Isaacs and Henze, 1995). 
The biological mechanisms and stoichiometric equations that describe denitrification 
are well established. The basic reactions for the reduction of nitrate to nitrogen gas 
are summarised in Table 2.3 (WEF, 1992). 
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Table 2.3. Denitrification stoichiometry (WEF, 1992) 
1. reduction sequence: 
NO; --+ NO; --+ NO--+ N2 0--+ N2 
2. overall reduction using methanol: 
(2.3.1) 
(2.3.2) 
3. overall reaction including synthesis: CH30H carbon source and nitrate-nitrogen 
source for cell synthesis: 
(2.3.3) 
4. overall reaction including synthesis: CH30H carbon source and ammonia, 
nitrogen source for cell synthesis: 
(2.3.4) 
5. overall reaction including synthesis: municipal wastewater carbon source and 
ammonia nitrogen source to supplement organic nitrogen for cell synthesis: 
0.267 NH; +0.267 HCO; +0.345 C10 H 19 OsN+IT +N03-
::::.? 0.655 C02+0.5 N2+0.612 C5H 7 0 2 N +2.30 H20 
(2.3.5) 
Based on the reactions presented in Table 2.3, the overall denitrification results can 
be summarised as follows 
(WEF, 1992): 
1. nitrate is converted to nitrogen gas; 
2. oxygen recovery is 2.68 mg/mg N03-N; 
3. alkalinity recovery is 3.0 mg CaC03/mg N03-N; and 
4. heterotrophic biomass production is approximately 0.4 mg volatile suspended 
solids (VSS)/mg chemical oxygen demand (COD) removed. 
The data presented in Table 2.3 describe the stoichiometric requirements for either 
methanol (CH30H) or simulated municipal wastewater (C10H1903N) as carbon 
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sources for denitrification. In general, the sources of carbon for denitrification 
include: 
1. supplying an exogenous carbon source such as methanol or acetate to the 
denitrification zone or reactor; 
2. using the carbonaceous biochemical oxygen demand (CBOD) in the wastewater 
as a degradable carbon source by either: 
• placing the anoxic zone before the anaerobic zone and recycling the 
nitrified effluent back to an anoxic reactor at the head of the flow scheme. 
The nitrified effluent is then mixed with the primary settled wastewater 
and the total flow is introduced into the aerobic zone; or 
• diverting a portion of the raw influent or primary effluent flow to the 
anoxic reactor (Table 2.3); or 
• indirectly utilising the wastewater carbon source through 'carbon source 
sequestering'. Sequestering is achieved when rapid uptake of the organic 
material (soluble and suspended) in the wastewater is allowed in a short 
aeration period. Substrates that are not completely metabolised within the 
time frame for the rapid uptake phase remain available (that is, 
sequestered) and may be further used by micro-organisms for 
denitrification (Jones et al., 1990 a, b); or 
3. using the endogenous carbon present in biomass as the carbon source; and 
4. using the organic reserves stored in the biomass during phosphorus release in the 
anaerobic stage of a combined biological nutrient removal system. 
According to reaction 2.3.2 (Table 2.3), 5 moles of methanol are required to reduce 6 
moles of nitrate-nitrogen to gaseous nitrogen. This is equivalent to 1.9 mg of 
methanol for each mg of nitrate-nitrogen reduced to nitrogen gas. However, McCarty 
et al. (1969) calculated the carbon requirement for denitrification of agricultural 
waste using an upflow denitrification column. They showed that, in addition to the 
theoretical amount of 1.9 mg of methanol for each mg of nitrate-nitrogen, 30% 
excess methanol was needed to satisfy growth requirements of denitrifying bacteria. 
Accordingly, the total methanol requirement, including that needed for growth, was 
estimated to be 2.47 mg per mg of nitrate-nitrogen. Complete (99+ percent) nitrate 
removal was reported to occur at a methanol: nitrate-N (M:N) ratio of2.3 (Hanaki et 
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al., 1989). Balderston et al. (1976) reported that total denitrification was achieved 
when the carbon (from methanol) to nitrate-N ratio (C:N) ratios exceeded one. C:N 
ratios greater than 1 resulted in complete denitrification and higher residual carbon in 
the effluent (Abeysinghe, 1995). 
The use of raw waste carbon is generally unsuitable for denitrification because of the 
ammonia and suspended solids content. If carbon-rich industrial wastes (brewery, 
starch or sugar wastewater) are available, they might be used as carbon sources. The 
type of carbon source has significant influence on the denitrifying activity 
(Christensen et al., 1977). Selected external substrates enable more complete 
denitrification (Hanaki et al., 1989). Denitrification using the endogenous carbon in 
the cell mass is typically reported to proceed slowly (WEF, 1992). Methanol is the 
favourite among the various carbon sources and seems to give maximum 
denitrification rate (Christensen et al., 1977). Methanol is less costly than other 
common substrates and because it contains one carbon atom, it produces no 
fermentation products. Denitrification in the presence of an adequate carbon source 
was observed to be independent of nitrate and nitrite concentrations (Harremoes, 
1975; Murphy et al., 1977). 
For denitrification in P-removal systems Lotter et al. (1986) cited by Barker and Dold 
(1996) have reported from laboratory-scale experiments using activated sludge 
systems that the majority of Acinetobacter spp isolates capable of nitrate reduction 
only reduced nitrate down to nitrite with a small percentage that were able to reduce 
the nitrite to nitrogen gas (32-43% reduced nitrate to nitrite and 6-12% reduced 
nitrite to nitrogen gas). 
Constantin and Fick (1997) studied the influence of c-source on denitrification by 
testing two different carbon substrates (ethanol and acetate) and their effect on 
denitrification in a concentrated industrial wastewater. The biomass/nitrate yield was 
higher with ethanol than with acetic acid. The concentration of micro-organisms 
obtained for the denitrification of 1.0 g of nitrate was higher with ethanol as a carbon 
source than with acetic acid. The bacteria denitrified more efficiently with acetic 
acid as carbon substrate, whereas the ethanol allowed greater bacterial development. 
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Constantin and Fick (1997) also demonstrated that acetic acid has allowed the best 
denitrification for the same biomass quantity: acetic acid was directly used as acetate 
by the bacteria, while ethanol must first be changed into acetate. The conversion 
efficiency of ethanol to acetic acid was in the range of75%. The cellular yield was 
three times greater with ethanol than with acetic acid; also, with ethanol, bacterial 
growth was favoured as a carbon source. However, the denitrification rate seemed to 
be higher with acetate as a carbon source because it can be readily used in the 
denitrifying biomass system. The growth rate of the micro-organisms was observed 
to be improved with ethanol as a crbon source, however, acetate proved to yield a 
higher specific denitrification rate. 
The reaction time for denitrification has been proven to shorten and allow for a 
reduction in the hydraulic retention time in the anoxic zone by the addition of a 
carbon source, but the denitrifying bacteria seemed to be in need for an adaptation 
period when acetate was used as a supplemental carbon source as confirmed by 
Hallin et al. (1996). However, the adaptation period to the external carbon source 
especially in the processes where sewage was the main carbon and energy source 
involved both an induction and synthesis of the enzymes in the existing biomass as 
well as generic alterations in the population. 
The level of dissolved oxygen concentration is also a critical parameter. The 
presence of DO suppresses the enzyme system needed for denitrification. The pH of 
the wastewater affects the rates of denitrification relative to the presence of dissolved 
oxygen. The pH values in the acid range permit active denitrification in the presence 
of dissolved oxygen, whereas strict anoxic conditions must be maintained to promote 
denitrification under alkaline conditions (Metcalf and Eddy, 1991 ). 
The design of most conventional systems recogmses the influence of oxygen on 
denitrification. Accordingly, denitrification reactors are typically closed to provide 
the anoxic conditions required by the denitrifying organisms. Kuenen et al. (1994) 
emphasised that although the existence of "aerobic denitrifiers" is now recognised, 
Literature Review & Analysis 2-10 
the other denitrifying species perform efficiently at lower oxygen concentrations. 
They also reported the best studied "aerobic" denitrifying organism, Thiosphaera 
Pantotropha, appeared to be unstable. 
The dissolved oxygen present in the influent wastewater creates an additional 
methanol requirement (McCarty et al., 1969). The total methanol requirements, 
including methanol required for growth, can be calculated using Equation 2.3.6 
(McCarty, 1969). 
(2.3.6) 
Where Crn is the methanol required in mg/L, N0 and N] are the initial nitrate-
nitrogen and nitrite-nitrogen concentrations respectively in mg/L, and D0 is the initial 
dissolved oxygen concentration. Smith et al. (1972) reported that an M:N ratio of2.5 
was necessary to achieve 90% nitrate reduction for a feed containing 2.5 mg/L 
dissolved oxygen. When the influent contained 6.2 mg/L oxygen, the M:N ratio 
increased to 2.75. This additional requirement was attributed to the difference in 
feed dissolved oxygen concentration (Abeysinghe, 1995). 
Although oxygen is reported to inhibit denitrification, beneficial effects of oxygen in 
denitrifying systems have been observed. Christensen et al. ( 1977) observed that the 
activity of denitrifying organisms seemed to be enhanced after exposure to oxygen; 
they attributed this to the fact that some organisms need oxygen in order to activate 
their electron transport system. 
2.3.1 Accumulation of nitrites during denitrification 
Abeysinghe (1995) operated a dual upflow biofilter system for carbon removal, 
nitrification and denitrification. The first biofilter was aerated and achieved carbon 
removal and nitrification. The second biofilter achieved denitrification. Methanol 
was used to supply the carbon source needed for denitrification. 
Abeysinghe (1995) observed that as the hydraulic and nitrate loading rates were 
increased, nitrites accumulated in the biofilter reaching a maximum of approximately 
6 mg/L at the highest nitrate-nitrogen loading rate of3.65 g/d m2 media area. The 
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results were attributed to the slow conversion of nitrite to nitrogen gas, which was 
considered as being the rate-limiting step. Abeysinghe (1995) suggested that the 
biofiltration rate should be controlled to overcome this accumulation. On the other 
hand, studies by Jones et al. (1990a) suggested that nitrite accumulation in biofilters 
results from the development of fermentation conditions coupled with the absence of 
nitrite in the feed. 
Fermentation conditions in anoxic systems occur as a result of high organic loading, 
which promotes the growth of facultative anaerobes that reduce nitrate to nitrite only, 
and no further. Wilderer et al. (1987) demonstrated that a significant population of 
nitrate reducers is promoted by fermentation conditions, resulting in lower overall 
denitrification rates due to the accumulation of nitrite ions in solution. Allowing 
fermentation conditions to occur with any regularity in the treatment system will 
enrich the bio-community ofbacteria. This shift is at the expense of true denitrifiers, 
which can reduce nitrite to nitrogen gas. Feeding some nitrite rather than all nitrate 
to the denitrification system was observed to be beneficial in maintaining the 
population of true denitrifiers and overcoming the problem of accumulation of 
facultative anaerobes (Wilderer et al., 1987). 
Similar to Wilderer et al. (1987), Jones et al. (1990b) observed that the addition of 
nitrites in the feed resulted in a robust population of organisms capable of reducing 
nitrite faster than nitrate. A 30% increase in the rate of denitrification was observed 
over systems fed only nitrate as an electron acceptor (Jones et al., 1990b). In 
addition, the true denitrifying bacteria out-competed nitrate reducers, and the rate of 
nitrite reduction exceeded the rate of nitrate reduction. 
2.3.2 Emerging biological nitrogen removal processes 
It is generally accepted that nitrification and denitrification proceed in four main 
reaction steps as represented in the following simplified reaction series: 
NH +-NO-- NO- - N2 4 3 2 (2.3.7) 
However, newly published research by Turk and Mavienic (1986) suggests that 
biological nitrogen removal can be achieved by using an alternative sequence, as in 
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the nitritation-denitritation process as described below. Anoxic oxidation of 
ammonia is also a new concept in biological nitrogen removal (Section 2.3.2.2) in 
which oxidation is achieved by micro-organisms under anoxic conditions. This new 
process has been described as an anaerobic ammonia oxidation process. 
2.3.2.1 The nitritation-denitritation process 
Given the production of nitrites as an intermediate common to nitrification and 
denitrification, Turk and Mavinic (1986) suggested that an original treatment scheme 
would consist of short-circuiting the formation of the nitrate ion. In this case, 
coupling between nitrification and denitrification would be replaced by coupling 
between nitritation and denitritation according to the reaction series presented in 
Equation 2.3.8. 
NH:-NO;-N2 (2.3.8) 
Rahmani et al. (1995) demonstrated that nitrogen removal in biofilters can be 
achieved by converting ammonia to nitrite, then directly to nitrogen gas (Equation 
2.3.8). The advantages of this process included lower carbon requirements for 
denitritation with C/N ratio of 0.64 using acetate, compared with C:N ratio of 1.07 
for denitrification. The denitritifying bacteria was observed to be pH tolerant in the 
range of 5.2-9.8. 
The advantages of the nitritation-denitritation route compared to the nitrification-
denitrification route were outlined by Turk and Mavinic (1986) to include: 
1. a 25% reduction in the energy requirement for nitrification; 
2. a 40% reduction in the carbon requirement for denitrification; 
3. a 50% reduction in the volume of the anoxic tank; 
4. a greater nitrogen removal rate; and 
5. a smaller amount of biomass production. 
To explain their observations, Turk and Mavinic (1986) suggested that nitrite 
oxidisers became inhibited when exposed to inhibiting concentrations of free 
ammonia. In their originally designed system, they provided intermittent contact 
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between the nitrite oxidisers and inhibiting free ammonia levels, thus encouraging 
nitrite accumulation and, subsequently, direct nitrite reduction to nitrogen gas. 
2.3.2.2 Anaerobic oxidation of ammonia 
Until recently, oxidation of ammonia has been reported to proceed only under aerobic 
conditions. Recently, however, ammonia was observed to be disappearing from a 
denitrifying fluidised bed reactor treating effluent from a methanogenic reactor 
(Mulder et al., 1995). The researchers concluded that in anaerobic ammonium 
oxidation, ammonium was oxidised with nitrate serving as the electron acceptor, and 
nitrogen gas was produced in this the process. A maximum ammonium removal rate 
of 0.4 kg Nfm3 d was observed. The discovery of anaerobic ammonium oxidation 
led to the development of a process named "Anamox". Anaerobic ammonium 
oxidation was observed to be almost as energetically favourable as the aerobic 
nitrification reaction. 
2.4 Biological phosphorus removal 
Biological phosphorus removal is achieved through the selection and activation of a 
group of bacteria (Bio-p-bacteria) capable of storing phosphate beyond their 
metabolic requirements. This can be achieved by exposing the biomass to alternating 
anaerobic/aerobic or anaerobic/anoxic conditions. The alternating exposure 
stimulates the phosphorus bacteria to release phosphorous and to store organic 
reserves while in the anaerobic phase, and accumulate phosphorus and consume the 
previously stored organic reserves in the aerobic or anoxic phase (Kerrn-Jespersen et 
al., 1994). The biochemical pathways for phosphorus release and accumulation are 
not fully understood, however the process is feasible in terms of energy production 
and utilisation. More phosphorus is accumulated in the aerobic or anoxic phase than 
released in the anaerobic phase, and the net effect is phosphorus removal from the 
wastewater (Kerrn-Jespersen and Henze, 1993). 
Phosphorus release and the simultaneous consumption of organic substrate occur 
during the anaerobic contact period. According to accepted models, the intracellular 
Literature Review & Analysis 2-14 
storage of simple organic volatile fatty acids as poly-beta-hydroxyalkanoates (PHA), 
using energy from poly-phosphate hydrolysis, forms the basis of the biological 
process. During the aerobic contact time, all the phosphorus released into solution, 
as well as excess quantities from the wastewater stream, are taken up in order to 
replenish the phosphorus reserves. The initial carbon reserves and part of the extra 
cellular carbon sources are used to produce energy for the aerobic metabolism ofbio-
p-bacteria (Comeau et al., 1985). A schematic of phosphorus release and uptake 
pathways is shown in Figure 2.1 (WEF, 1992). 
Anaerobic 
Short-Chain 
___£=atty Acids__,---~, /iCeiiWall + Substrate Fermentation Products 
Facultative 
Bactena Phosphorus-
Soluble Removing 
COD Bacter1a 
Aerobic 
P, 
New 
Cell 
Production 
Figure 2.1 Schematic of phosphorus release and uptake mechanisms (WEF, 
1992) 
2.5 Optimisation of the biological phosphorus removal processes 
Recent biological nutrient removal BNR studies have focused on optimising the 
performance of such systems by modifying the hydraulic residence time in the 
aerated and unaerated zones (Goncalves and Rogalla, 1992 a, b; Gonzalez-Martinez 
and Wilderer, 1990; and Kerrn-Jespersen and Henze, 1993), controlling influent 
oxygen and nitrates concentrations entering the unaerated zone (Schon et al., 1993; 
Hascoet and Florentz, 1985), arranging the sequence of exposure to alternating 
environmental conditions (Kerrn-Jespersen and Henze, 1993; Bortone et al., 1994; 
and Goncalves and Rogalla, 1992 a, b) and optimising the type and quantity of 
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carbon supply (Isaacs and Henze, 1994; Gerber et al., 1986; Converti et al., 1993). In 
fixed film systems, the CD is an independent and additional process control 
parameter. 
2.5.1 Phosphorus-accumulating micro-organisms 
Three groups of phosphorus-accumulating micro-organisms have been reported in 
the literature, these include: 
1. a group of bacteria capable of phosphorus release under anaerobic conditions, 
denitrification and phosphorus uptake under anoxic conditions and phosphorus 
uptake under aerobic conditions (Vlekke et al., 1988; Bortone et al., 1994; and 
Kerrn-Jespersen and Henze, 1993); 
2. a group of bacteria capable of phosphorus release under anaerobic conditions and 
phosphorus uptake under aerobic conditions but not under anoxic conditions 
(Goncalves and Rogalla, 1992a, b; Gonzalez-Martinez and Wilderer, 1990; and 
Kerrn-Jespersen and Henze, 1993); and 
3. a group of bacteria capable of phosphorus release under anaerobic or anoxic 
conditions followed by phosphorus uptake under aerobic conditions. This group 
of bacteria was reported as being incapable of nitrate respiration (Schon et al., 
1993). 
The above three groups can co-exist within the same biomass and contribute to 
phosphorus release and uptake activities. 
Acinetobacter spp. were identified as possessmg phosphorus-accumulating 
capabilities (Fuhs and Chen, 1975; Deinema et al., 1980; Brodish and Joyner, 1983; 
and Hascoet et al., 1985). Lotter (1987) and Van Starkenburg et al. (1993) reported 
that many Acinetobacter spp. species were capable of denitrification. Other 
identified phosphorus-accumulating bacteria include Aeromonas and Pseudomonas, 
which were reported to be capable of substantial polyphosphate accumulation (Bark 
et al., 1992; and Okada et al. (1992) cited by Randall et al., 1997). 
A group of bacteria incapable of phosphorus accumulation was reported to compete 
with phosphorus-accumulating bacteria in biological phosphorus removal systems. 
This group of bacteria, tentatively called "G" bacteria or polysaccharide-
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accumulating bacteria, was reported to dominate the anaerobic/oxic systems and limit 
the growth of phosphorus-accumulating bacteria when the food was made a mixture 
of acetate and glucose (Cech and Hartman, 1993). The researchers observed that 
phosphorus-accumulating bacteria competed successfully with the "G" bacteria when 
the influent was changed to contain only with acetate. 
Carrouci et al., (1997) however reported that the glucose removal in the absence of 
EBPR by "G" bacteria is through a mechanism not involving poly-hydroxy-
alkanoates; that is, this bacteria removes and stores glucose in anaerobic conditions 
without the need to hydrolyse the polyphosphate (PHB/PHA storage) that is usually 
associated with phosphorous release. 
2.5.2 Rate of phosphorus release and uptake 
As with other biological activities, the rates of phosphorus release and uptake are 
dependent on a number of environmental factors such as temperature, pH and the 
presence of inhibitory substances. The rates of phosphorus release and uptake are 
mainly dependent on the presence of sufficient quantities of acclimated phosphorus 
bacteria and adequate supplies of organic substrates and phosphorus. 
The rate of phosphorus release has been reported by Goncalves-Martinez and 
Wilderer (1990) to increase as the temperature increased in the range of 150 C to 250 
C. In addition, the rate of phosphorus release is affected by the type of the provided 
organic substrate. Goncalves-Martinez and Wilderer (1990) observed that for an 
equivalent carbon dose, acetate gave the highest phosphorus release activity, 
compared with glucose, peptone, and a mixture of the three substrates. This is 
generally accepted, as acetate is directly linked with the storage of carbon in the 
biomass that accompanies phosphorus release during the anaerobic reaction phase. 
Phosphorus release kinetics are also affected by the presence of adequate substrate 
concentrations. Goncalves and Rogalla (1992a, b) observed that the phosphorus 
release activity was slow under carbon limited conditions. Under such conditions, an 
extended anaerobic phase was required to maximise phosphorus release from the 
biomass. 
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Phosphorus release and uptake activities result in the accumulation or depletion of 
phosphorus in the biomass. As such, the biomass phosphorus reserves may become 
saturated or depleted. The rates of phosphorus release or uptake are dependent on the 
degree of saturation with phosphorus. The initial rate of phosphorus uptake for an 
acclimated and starved biomass and the initial rate of phosphorus release for a 
saturated biomass are high. As the phosphorus reservoir starts to fill or empty, the 
level of phosphorus activity declines (Comeau et al., 1986). Once the reservoir 
becomes empty or full, the phosphorus activity virtually stops. 
The observed rate of phosphorus release or uptake may reflect the net difference 
between phosphorus release and uptake activities. This is because both activities 
may simultaneously take place in the same biomass (Kerrn-Jesperson and Henze, 
1993). Schon et al. (1993) suggested that due to mass transfer limitations in relation 
to biomass floes or biofilms, the exposed surface of the biomass may experience 
phosphorus uptake in the presence of low dissolved oxygen (DO) or nitrates, while 
the bacteria inside the floes may experience phosphorus release. Both oxygen and 
nitrates were reported to inhibit phosphorus release. A threshold concentration 
below which the net phosphorus activity resulted in phosphorus release was 
suggested (Schon et al., 1993). 
Phosphorus release and uptake activities are directly related. Higher phosphorus 
release activity results in higher phosphorus uptake activity. The rate of phosphorus 
release and uptake activities are generally reported to be linearly correlated, and the 
amount of P released in the anaerobic stage could be used to predict the P uptake in 
the aerobic stage (Kerrn-Jesperson and Henze, 1993; and Abu Ghararah and Randall, 
1991). Acetic acid was shown to be the best substrate for EBPR bacteria and to have 
the highest rate ofP-uptake per mg of COD utilised between the short chain volatile 
fatty acid (Abu Ghararah and Randall, 1991). Randall et al. (1992) cited by Danesh 
and Oleszkiewicz (1997) reported values greater than 40:1 COD total /P total in order 
to achieve high removal degrees of phosphorus. 
2.5.3 Reaction time requirements for biological phosphorus removal 
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The reaction time requirement for efficient phosphorus removal is dependent on the 
rates of phosphorus release and uptake activities. Based on the discussion presented 
in Section 2.5.2, the rate of phosphorus activity can be optimised by controlling: 
1. the type of carbon sources supplied in the feed; 
2. the quantity of carbon source supplied; 
3. the rate of phosphorus application (Simm, 1988); 
4. the environmental conditions such as pH, temperature, and the provision of 
efficient anaerobic, anoxic and aerobic conditions; 
5. the presence of oxygen and/or nitrates in the unaerated zone; 
6. the quantity of acclimated phosphorus biomass in the system; and 
7. the operating average level of biomass saturation with phosphorus. 
In the aerated zone, once maximum phosphorus storage is achieved by the biomass, 
providing additional contact time does not result in significant additional phosphorus 
uptake. Similarly, in the unaerated zone, once maximum phosphorus release is 
achieved, extension of the reaction time does not improve phosphorus release. In 
both cases, extension of the reaction time may be practised to achieve other treatment 
objectives such as carbon and nitrogen removal (Goncalves and Rogalla, 1992a). 
2.5.4 Effect of carbon supply on phosphorus release 
The availability of adequate carbon supplies in terms of quality and quantity is 
crucial for the success of biological phosphorus removal. The presence of short 
chain volatile fatty acids (VF As) in the influent is generally accepted to result in 
efficient phosphorus release in the anaerobic zone. Successful phosphorus removal 
has also been reported using a variety of organic substrates including glucose, 
wastewater organics, and peptone (Goncalves-Martinez and Wilderer, 1990; 
Goncalves and Rogalla, 1992 b; Gerber et al., 1986). Acetate is generally reported as 
resulting in efficient and rapid phosphorus removal activity (Gerber et al., 1986; 
Goncalves-Martinez and Wilderer, 1990). 
Acetic acid (acetate) is well known and widely accepted to be the best substrate for 
stimulating and accomplishing biological phosphorous removal (BPR) (Abu 
Ghararah and Randall, 1991; and Lotter, 1985). 
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The addition of short chain volatile fatty acids (VF As) are well accepted to enhance 
phosphorus release in the anaerobic stage and subsequent phosphorus uptake in the 
aerobic phase of a BNR system. The amount of enhanced phosphorus uptake in the 
aerobic phase is proportional to the release in the anaerobic stage, regardless of the 
organic composition ofthe influent substrate (Abu-Ghararah and Randall, 1991). 
Different types of VF As caused different amounts of phosphorus release and 
subsequent phosphorous uptake; the amounts were related to the number of carbon 
atoms and the degree of branching in the structure ofthe VF As. For normal VF A 
forms of two carbons and above, the amount of phosphorous removed per unit COD 
added decreased as the number of carbons increased, but branched forms of VF As 
enhanced phosphorus removal compared with VF As with the same number of 
carbons (Abu Ghararah and Randall1991). 
The establishment of an anaerobic environment results in the production of volatile 
fatty acids from other complex organic compounds in the feed. This in turn provides 
the necessary carbon for storage by the poly-p-bacteria. For simpler substrates such 
as glucose, carbon uptake has not been directly linked with carbon storage by 
phosphorus releasing bacteria (Goncalves-Martinez and Wilderer, 1990; Cech and 
Hartman, 1993; Gerber et al., 1986; and Carrouci et al., 1997). 
The provision of suitable and adequate carbon supplies results in rapid phosphorus 
release in the anaerobic reactor. This in turn results in the reduction of the reaction 
time required to achieve maximum phosphorus release. To provide such desirable 
carbon supplies, many commercial BNR systems employ a fermentation step to 
produce volatile fatty acids to be fed to the anaerobic reaction (Marais et al., 1983; 
Oldham et al., 1992; and EPA, 1987). 
EBPR using fermented carbon sources was investigated by Danesh and Oleszkiewics 
(1997), who tested an SBR for EBPR under anaerobic/aerobic conditions using a 
fermenter that was fed with de-gritted wastewater. The requirements of the Bio-P 
bacteria were supplied by the hydrolysis of the poly-p compounds in the bacterial 
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cells; a process that results in the release of phosphorus to the environment (Comeau 
et al., 1986). 
The phosphorus release that occurs during the anaerobic stage in the presence of 
VF A is defined as the primary release, which is associated with the storage of organic 
compounds and is in the form of PHA. The release in the absence of VF As is 
defined as a secondary release and is not associated with the storage of PHAs into the 
cells for storage. Thus the phosphorus released will not be removed by the bio-p-
bacteria in the subsequent aerobic phase. Any secondary release of phosphorus, 
therefore is detrimental to the performance efficiency and should be prevented 
(Barnard, 1994, cited by Randall et al., 1997). 
Aeromonas, Pseudomonas and Acinetobacter spp bacteria were reported to be 
capable of substantial polyphosphate accumulation in excess of conventional 
accumulation levels (2.3 % P) using volatile fatty acids as substrate (Kavanaugh, 
1991 cited by Randall et al., 1997). 
In an attempt to study the effect of volatile fatty acids on enhanced biological 
phosphorous removal and population structure in anaerobic/aerobic sequencing batch 
reactors, Randall et al. (1997) concluded that the presence ofVFAs was critical in the 
selection of the bacterial population with a high capacity for EBPR, such as the slow 
growing Pseudomonas in starch cultures. However, they reported the dominance of 
"G" bacteria in cultures fed with glucose where EBPR was lost in the system. 
2.5.5 Phosphorus uptake under anoxic conditions 
Phosphorus uptake was reported as taking place under aerobic or anoxic conditions. 
Vlekke (1988) reported successful phosphorus uptake by a group of denitri:fying 
bacteria under anoxic conditions. Kerm-Jespersen and Henze (1993) reported that 
phosphorus uptake is slower under anoxic conditions than under aerobic conditions. 
Phosphorus bacteria include denitrifiers capable of utilising oxygen and nitrates 
(Vlekke, 1988), phosphorus bacteria incapable of nitrate respiration (Schon et al., 
1993) and phosphorus bacteria capable of utilising oxygen but not nitrates 
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(Goncalves et al., 1992). While under aerobic conditions all three types ofbacteria 
contribute to phosphorus uptake; only the denitrifiers remove phosphorus under 
anoxic conditions. In addition, the phosphorus bacteria incapable of respiring nitrate 
may release phosphorus under anoxic conditions. The above may explain the 
reported slow phosphorus uptake rate under anoxic conditions compared with the rate 
of phosphorus uptake under aerobic conditions (Kerrn-Jespersen and Henze, 1993). 
This was later proven by Issacs and Henze (1995) when they confirmed that the 
addition of either acetate or hydrolysate caused phosphate to be released under anoxic 
conditions. Under anoxic conditions (absence of DO but presence of oxidised 
nitrogen), phosphate uptake as well as phosphate release was reported to occur by 
two different micro-organisms (a fraction ofBio-p bacteria that can oxidise nitrogen 
instead of oxygen for energy production and phosphate uptake, and a fraction of the 
bio-p bacteria that cannot use oxidised nitrogen will release phosphate as they 
accumulate carbon reserves). 
Both kinds of Bio-p bacteria contributed to the net phosphate activity in the system 
when the concentration of the carbon substrate was ensured to be high enough. The 
net phosphorus removal is the net of the phosphorus uptake or release in the anoxic 
phase (Comeau et al., 1986). The presence of denitrifying phosphorus bacteria has 
been confirmed in a large number of reported studies either by direct evidence 
(Lotter, 1986) or indirect observation, whereby phosphorus release was observed to 
occur under anoxic conditions (Kerrn-Jespersen et al., 1994; Vlekke, 1988; Hascoet 
and Florentz, 1985; and Goncalves et al., 1995). 
2.5.6 Phosphorus release in the presence of nitrates 
Conflicting evidence exists in the literature concerning the fate of nitrates in 
biological excess phosphorous removal (EBPR) systems. Nitrates were typically 
reported to inhibit phosphorus release in the unaerated stage. Barnard (1982) cited 
by Hascoet and Florentz (1985) reported that in activated BNR sludge systems, the 
nitrate-nitrogen concentration in the recycled sludge should be kept below 5 mg/L to 
allow proper phosphorus release in the anaerobic zone receiving the recycled sludge. 
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However, according to recent studies, phosphorus release in the presence of nitrates 
was observed to occur under the following conditions: 
1. in the presence of significant quantities of carbon, which shield the nitrates and 
minimise the inhibiting effects on phosphorus release activity of denitrifying 
polyphosphate bacteria (Hascoet and Florentz, 1985); 
2. when the nitrates become reduced through biological activity to a threshold level 
that permited phosphorus release (Schon et al., 1993; Goncalves et al., 1992; and 
Kerrn-Jespersen and Henze, 1993; Goncalves et al., 1992; and Kerrn-Jespersen 
and Henze, 1993). The threshold level depends on mass transfer limitations 
associated with biofilms and flocculated particles (Schon et al., 1993); and 
3. in the presence of polyphosphate-accumulating bacteria incapable of nitrate 
respiration (Schon et al., 1993). 
A review of experimental studies carried out by Barker and Dold (1996) revealed that 
phosphorous uptake by the poly-p micro-organisms does occur in the anoxic zones of 
nutrient removal systems; that is, concomitant denitrification and phosphorous 
uptake. The following was concluded from the reviews: 
1. some poly-p organisms are capable of denitrification, but not all; 
2. nitrate can serve as an electron acceptor for the oxidation of stored PHB, however 
not all poly-p organisms capable of reducing nitrate are able to use nitrite as 
electron acceptor; 
3. nitrate is not as efficient as oxygen for P uptake. More carbon is stored then 
utilised for a given amount of P uptaken when nitrate is the electron acceptor in 
place of oxygen; 
4. phosphorus uptake/PHB oxidation appears to occur simultaneously with 
phosphorous release/PHB storage when SCF As are available under anoxic 
conditions; and 
5. aerobic P uptake, the occurrence of phosphorous release/uptake under anoxic 
conditions, is strongly influenced by the amount and type of readily biodegradable 
material in the feed. 
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2.5.7 Phosphorus release in the presence of nitrite 
Unlike nitrates, the nitrite ion was reported to have no inhibiting effect on 
phosphorus release, and phosphorus release was observed to start after all the nitrates 
were removed, even though denitrifiction was not complete and significant nitrite 
accumulation occurred in the system. It was concluded that the phosphorus-
accumulating bacteria in the system were not able to use nitrite for phosphorus 
uptake (Kerrn-Jespersen et al., 1994),. 
2.5.8 Phosphorus release in the presence of oxygen 
Schon et al. (1993) observed disagreement in literature as to whether phosphorus 
release is caused either directly by low concentration of dissolved oxygen or by the 
lowered redox potential at zero dissolved oxygen. They reported a direct dissolved 
oxygen dependence of phosphorus release. In contrast, the redox potential modified 
the rate of phosphorus release only under certain conditions. Phosphorus release 
began at values between 0.1-0.5 mg 02/L depending on sludge conditions. Activated 
sludge from sewage plants with nitrification and denitrification released phosphorus 
when the dissolved oxygen content was reduced to 0.5 mg 0 2/L. 
Phosphorus release started when the dissolved oxygen level decreased to 0.1 mg/L 02 
in activated sludge from a wastewater treatment plant with a high organic loading. 
The rate of phosphorus release increased as the dissolved oxygen level decreased 
below 0.1 mg 0 2/L. For a wastewater treatment plant with low organic loading, 
phosphorus release occurred when the dissolved oxygen concentration decreased 
below 2.3 mg/L. 
Schon et al. (1993) explained the above results by observing that mass transfer 
limitations prevent oxygen at low concentrations from penetrating inside the 
biological floes. They observed that because of these mass transfer limitations 
phosphorus uptake would probably still occur on the surface of a sludge floc, while 
phosphorus is released in the interior. Accordingly, the researchers suggested that 
the observed phosphorus release when dissolved oxygen level dropped below a 
threshold value was the net difference between phosphorus release and uptake in the 
biological floes. 
Literature Review & Analysis 2-24 
2.5.9 Effect of CD on phosphorus transformations in biofilters 
The concept of cycle duration (CD) refers to the elapsed time before the biomass is 
re-exposed to the same environmental conditions (i.e., aerobic, anaerobic or anoxic) 
in a new cycle. A study was originally designed to investigate nitrification and 
denitrification of a selected aquaculture water (Abeysinghe, 1995) using a cyclic dual 
biofilter system. The transformations of carbon, nitrogen and phosphorus were 
characterised within each biofilter. The complexity of fixed film systems involving 
biological nutrient removal is not fully understood, however, the data suggest that the 
CD is an independent process control parameter with significant impact on biological 
activity in biofilters subjected to alternating environmental conditions. The initial 
results indicated that varying the CD had significant impact on the performance of 
the system and resulted in environmental conditions that inhibited or enhanced 
nitrogen and phosphorus transformations. 
Controlling the CD creates environmental conditions that can enhance or inhibit 
biological activity. This may be achieved through modification of biomass 
characteristics and environmental conditions such as dissolved oxygen levels and 
stress resulting from cyclic operation. Accordingly, the CD can significantly impact 
on the performance of biological systems involving alternating exposure to 
unaerated/aerated conditions. The CD had opposite effects on denitrification and 
phosphorus removal, and phosphorus removal was optimised through CD control 
(Shanableh et. al., 1997). 
For a short CD approaching zero, the environmental conditions within the unaerated 
biofilter may remain aerobic as the biomass is re-aerated before the residual oxygen 
is consumed. Longer CDs permit the establishment of extended anaerobic or anoxic 
conditions within the unaerated biofilter. Infinite CD corresponds to a situation in 
which the aerated biofilter remains aerobic and the unaerated biofilter remains 
anaerobic or anoxic. Neither of the two CD extremes (zero and infinity) favours 
enhanced biological phosphorous removal (EBPR). Accordingly, EBPR may occur 
within the two CD extremes. In addition, short CDs in which the biofilter remains 
aerobic results in environmental conditions not suitable for denitrification. Longer 
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CDs permit the establishment of anoxic conditions capable of supporting 
denitrification (Shanableh et. al., 1997). 
The initial impact of varying CD is to modify oxygen availability within the 
unaerated biofilter. Oxygen availability within the unaerated biofilter decreases as 
the CD increases. Denitrification and phosphorus release can be inhibited if the 
concentration of oxygen, which, depending on oxygen penetration of the biofilm, is 
above different thresholds. However, the impact of varying the CD is not limited to 
modifying the concentration of oxygen alone. The environmental conditions created 
by varying the CD may have significant impacts on biofilm and biomass 
characteristics (Shanableh et. al., 1997). 
2.6 Combined suspended growth nutrient removal processes 
The traditional view of the nitrification and denitrification sequence has led to the 
development of treatment processes that include separate aerobic and anoxic 
chambers where, first, carbon removal and nitrification and, second, denitrification 
take place. The reasoning behind the need to separate the two reactions was that 
autotrophic nitrifiers require a relatively high dissolved oxygen level and low organic 
carbon in order to survive and compete with the heterotrophic bacteria. Conversely, 
the heterotrophic denitrifiers are known to require anoxic conditions and a source of 
carbon in order to thrive (Rittman et al., 1994). 
Combining carbon removal and nitrification has been practised for a long period of 
time using an extended aeration tank operated at high solids residence time to allow 
for the accumulation of the slow-growing nitrifiers. The growth of the autotrophic 
nitrifiers requires the reduction of carbon to a threshold concentration below which 
nitrifiers can compete favourably with the heterotrophic biomass. 
Denitrification following nitrification is typically achieved using a separate stage 
suspended growth reactor following a combined carbon removal/nitrification system. 
Because the nitrified effluent normally contains little carbon, a TOC source such as 
Literature Review & Analysis 2-26 
methanol, acetate or other organic material is added to the nitrified effluent to 
provide the heterotrophic denitrifiers with a source of carbon. 
Suspended growth biological nutrients removal systems typically employ activated 
sludge processes by incorporating anaerobic, aerobic, and anoxic zones into a single 
sludge process. The removal of wastewater organics in the anaerobic zone improves 
nitrification in the following aerobic zone. Denitrification follows nitrification and 
requires supply of a carbon source (McClintock et al., 1993). 
The most common combined BNR processes in use are : 
1. the five-stage Bardenpho process, or the 5-stage Phoredox system 
2. the Anaerobic/Anoxic/Oxic (A2/0) process, 
3. the UCT(or University of Capetown Process),and the Virginia Initiative 
Plant (VIP) process, 
4. the Modified UCT process, 
5. the PhoStrip II process, 
6. the Sequencing Batch reactors (SBR), and 
7. the Hypro Process 
The Modified Bardenpho (Phoredox) Process 
Barnard (1975) proposed the Modified 5-stage Bardenpho (Phoredox) process out of 
the attribution of the "Luxury Uptake" mechanism for phosphorus removal by 
subjecting the sludge to an anaerobic stress condition such that phosphorus is 
released by the organisms into solution at the head end of the plant ahead of the 
primary anoxic stage (or pre-denitrification zone). 
An extensive review by Paepke (1983) cited by Oldham et al., (1992), found that 
only one of 20 plants for combined nutrients removal using the modified Bardenpho 
process configuration achieved consistently good phosphorus removal. Incomplete 
denitrification, unsuitably weak wastewater characteristics, and the presence of 
dissolved oxygen and nitrate entering the anaerobic zone of the process also 
components of the mechanical plant that introduce dissolved oxygen into the 
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anaerobic zone were identified as the major factors adversely affecting phosphorus 
removal in the poorly performing plants (Oldham et al., 1992). 
In addition, the low effluent COD and high TKN ofthe influent result on ordinarily 
large concentrations of nitrate being recycled to the anaerobic zone in the return 
sludge, which is known to be detrimental to the P removal mechanism (Oldham et 
al., 1992). 
McLaren and Wood, (1976) cited by Oldham et al. (1992) omitted the secondary 
anoxic zone where the reaction rates are higher due to the presence of substrate in the 
incoming wastewater. The 3-stage modified Bardenpho process is the basis of the 
high rate A2/0 process currently being marketed in the USA (Oldham et al, 1992) 
The A2/0 Process 
A anoxic zone for denitrification is provided between the anaerobic and aerobic 
zones. Nitrate is introduced to an anoxic zone for denitrification by recycling mix 
liquor extracted from the aerobic section (nitrification stage) at an internal rate 
typically ranging from 100-300% of the influent flow. Clarifier underflow returns to 
the first stage of the anaerobic reactor (WEF Manual of Practice No.8, 1992). 
Phosphorus concentration of the effluent is achievable up to 2.0 mg/L without 
filtration and 0.5 mg/L after filtration. Fine tuning ofthe effluent quality could be 
achieved by adjusting sludge age, and detention time (Metcalf & Eddy, 1991). 
The UCT and VIP Process 
Simple carbonaceous substrates (principally volatile fatty acids, or VF As) are stored 
by the micro organisms involved in enhanced P removal in the anaerobic zone of the 
process to help these organisms survive in the anaerobic zone and provide the energy 
required for phosphorus storage in the subsequent aerobic zone (Oldham et al, 1992) 
The nitrate entering the anaerobic zone also have a detrimental effect on phosphorus 
removal because the substrate required in the removal mechanism is utilised 
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preferentially in the denitrification reaction. A simple refinement to the Bardenpho 
process is proposed in this process to facilitate a large degree of operational 
flexibility and ensures that no nitrate enters the anaerobic zone under a wide variety 
of influent sewage characteristics (Marais et al, 1983). 
In the UCT process both the return activated sludge and the aeration tank contents are 
recycled to the anoxic zone, and the contents of the anoxic zone are then recycled to 
the anaerobic zone. This recycle sequence decreases the chance of introducing 
residual nitrate into the anaerobic zone. The internal recycle can be controlled to 
maintain zero nitrates in the effluent from the anoxic reactor. For weak wastewater, 
the UCT process can achieve both phosphorus removal and partial nitrogen removal 
up to the range of 6-8 mg/L. The UCT process proved to be capable of consistent P 
removal from wastewater with a wide variation in influent characteristics without a 
major detrimental effect on theN removal of the process (Oldham et al., 1992). 
In 1985 it was demonstrated that enhanced biological phosphorus removal could be 
achieved in a high rate UCT process configuration having little or no nitrogen 
removal. This process has become known as the Virginia Initiative Plant (VIP). The 
process is similar to the UCT process except for recycling configuration. Return 
activated sludge and nitrified mix liquor are recycled in to the anoxic zone. In 
addition the mixed liquor from the anoxic zone is mixed with the influent in an 
attempt to stabilise some of the organic matter in the anaerobic zone thus reducing 
the rate of aeration requirements (Metcalf & Eddy, 1991). 
The Modified UCT Process 
The Modified UCT Process proposed in by Siebritz et al.,(1981) the anoxic zone was 
split in two. The return sludge enters the first anoxic reactor and the internal recycle 
from the aeration tank enters the second anoxic reactor. The internal recycle to the 
anaerobic zone comes from the first anoxic reactor was to eliminate nitrate recycle to 
the anaerobic zone while limiting the hydraulic retention time in the anoxic zone to 1 
hour. This modification facilitated an even greater degree of operational flexibility 
by completely separating the nitrogen and phosphorus removal cycles of the process 
(Metcalf & Eddy, 1991). 
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The Proprietary Anaerobic/Oxic (A/0) Main Stream Phosphorus Removal 
The settled sludge is mixed with the influent and recycled through a sequence of 
anaerobic and aerobic zones in the activated sludge tank. The anaerobic/aerobic 
(A/0) system is a single sludge suspended growth system (Irvine et al, 1982; Hong et 
al, 1981, 1982). In the A/0 process, activated sludge collected from the final clarifier 
is recycled into the anaerobic zone where phosphorus is released into the solution. 
Waste sludge combined with absorbed phosphorus during aeration completes the 
removal process. 
Detention time in the aerobic zone could be extended until nitrification is completed. 
The concentration of phosphorus in the effluent is dependent mainly on the BOD:P 
of the wastewater treated. When this ratio exceeds 10:1 effluent soluble phosphorus 
values of 1 mg/L can be achieved (Metcalf and Eddy, 1991). 
The PltoStripll Process 
In the PhoStrip process, the settled sludge is subjected to an anaerobic phosphorus 
release phase before it is mixed with the influent in the aeration tank (Peirano et al, 
1983). Another portion of clarified sludge is directly recirculated in to the aeration 
tank to mix with the influent. Waste sludge rich with phosphorus is removed from 
the process by chemical precipitation (Metcalf and Eddy, 1991). 
This process can achieve combined phosphorus and nitrogen removal to levels below 
1.0 mg/L of total phosphorus and 10 mg/L of total nitrogen by including an anoxic 
zone in the process. Nitrogen removal requires additional reaction volume by using a 
pre-stripper tank ahead of the phosphorus stripper, thus increasing the detention time 
in the stripper and requiring series reactors for phosphorus release (WEF Manual of 
Practice No.8, 1992). 
High concentrations of nitrates in the return sludge requires increased anaerobic 
retention time and thus a larger stripper. The pre-stripper tank accepts under flow 
from the secondary clarifier containing the nitrate produced in nitrification. The 
stripper under flow contains high concentrations of soluble BOD and thus provides 
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the carbon source for denitrification. The pre-stripper hydraulic retention time 
approximates 2 hours. Denitrification rates of up to 70% have been obtained in this 
process (WEF Manual ofPractice No. 8, 1992). 
Sequencing Batch Reactors 
Sludge is subjected to alternating anaerobic and aerobic conditions in a time 
sequence (Goncalves et al, 1994). Wastewater is treated in batches and the process 
may include a number of operational stages (filling, mixed fill, anaerobic react, 
aerobic react, anoxic react, settling, and decanting). Denitrification in the anoxic 
zone (WEF Manual ofPractice No.8, 1992). 
In the Sequencing Batch Reactor (SBR), biological nutrients removal is carried out 
by four major organism groups: denitrifying organisms, fermentation-product-
manufacturing organisms, phosphorus accumulating organisms, and aerobic 
autotrophs and heterotrophs. The four organism groups behave differently under 
different environments. An SBR can be operated conveniently to provide either 
aerobic, anoxic, or anaerobic environments as needed by these organisms to 
successfully remove wastewater nutrients. For phosphorus removal, conditions must 
be developed to enrich both fermentation -product- manufacturing organisms, and 
phosphorus -accumulating organisms. The time necessary to enrich these 
populations can be substantial (Ketchum et al., 1987). 
Phosphorus is released during anaerobic filling and is removed with waste sludge 
under aerobic conditions. Mixed liquor in the tank is used for treating the next batch 
of wastewater. This process has been operated successfully with effluent phosphorus 
concentrations of 1.0 mg/1 at a plant constructed in the USA. There are several 
modifications available such as carbon source addition and chemicals addition 
(Edwards et al, 1994). 
The Hypro Project 
The process employs the following elements in the design: 
1. chemical pre-precipitation for decreasing the load on the biological step by 
removing organic matter and phosphorus; 
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2. hydrolysis of the sludge from the pre-precipitation in order to produce a 
supplementary carbon source' for the biological denitrification process; and 
3. biological nitrification-denitrification using the supernatant from the 
hydrolysed sludge for the denitrification, which gives a high reaction rate. 
The process is compact, and has a high reaction rate as the dissolved COD from the 
hydrolysed sludge is used as a carbon source for the denitrification step (Harremoes 
et al, 1991). Recent biological treatment process development efforts have focused 
on incorporating carbon removal, nitrification, denitrification, and phosphorus 
release and uptake into a single sludge system. A variety of such commercial 
systems have been designed, and the differences among them reflect the relative 
degree of emphasis on optimising the removal of nitrogen or phosphorus or both 
substances. 
Coupling carbon removal, nitrification and denitrification in a single sludge system 
(Figure 2.2, systems a, b, c, and d) requires the provision of an adequate carbon 
source for denitrification and the removal of carbon prior to nitrification. This can be 
achieved by introducing the wastewater first into the anoxic zone of the reactor and 
then into the aerobic zone. The nitrified effluent from the aerobic zone is then re-
circulated and mixed with the influent wastewater and introduced into the anoxic 
zone. This arrangement allows for denitrification and carbon removal in the anoxic 
zone and nitrification in the aerobic zone. The sludge in this case contains both 
heterotrophic and autotrophic micro-organisms. 
Incorporating biological phosphorus removal into a single sludge with carbon 
removal, nitrification and denitrification requires establishing an anaerobic zone for 
phosphorus release within the biological reactor. Both phosphorus release and 
denitrification require adequate carbon supplies. However, unlike the denitrifiers 
which utilise the carbon source for energy and cell synthesis, the phosphorus bacteria 
store a significant portion of the carbon from the source for utilisation at a later 
anoxic or aerobic stage. Accordingly, arranging the zones in the biological reactor 
system so that the anaerobic zone is followed by an anoxic zone provides carbon for 
both activities: phosphorus release accompanied with carbon storage in the anaerobic 
zone, then denitrification using the organic reserves stored in the denitrifying 
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phosphorus bacteria in the anoxic zone. In addition, the anaerobic phase provides 
some external carbon source as a result of fermentation, which can be used for 
denitrification in the anoxic zone. 
The basic arrangement for the above described combined BNR system includes an 
anaerobic zone followed by an anoxic zone receiving recycled nitrified effluent, 
followed by an aerobic zone for nitrification (Figure 2.2, system d). The biomass is 
settled in the final clarifier and recycled back into the anaerobic zone. Sludge 
recycling requires that the nitrates in the recycled sludge be reduced to low levels to 
prevent inhibiting phosphorus release in the anaerobic zone. 
A variety of commercially marketed BNR systems employ some modifications of the 
above described basic BNR system. To optimise phosphorus release and uptake, 
some systems utilise a primary sludge fermenter to provide volatile fatty acids 
(VF As) to the anaerobic zone (Figure 2.2 system j). Other systems introduce the 
recycled sludge into an anaerobic fermenter prior to recycling to the anaerobic 
reaction zone (Figure 2.2, system i). This arrangement allows for efficient 
phosphorus release in the anaerobic zone. The supernatant is then separated by 
gravity and the phosphorus is removed from the supernatant by chemical 
precipitation. Sequencing batch reactor systems (Figure 2.2, system k) have been 
successfully adopted for combined BNR. 
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Figure 2.2 Schematics of commercially available suspended growth BNR 
systems (WEF, 1992, EPA 1987) 
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2.7 Fixed-film combined nutrient removal 
Fixed-film biofilter systems offer the following advantages over suspended growth 
systems (Goncalves et al., 1994): 
1. reduced operating costs; 
2. simplicity of operation; 
3. absence of sludge recycling problems; 
4. reduced excess sludge production; and 
5. compactness due to the retention of high biomass in the system. 
Fixed-film phosphorus removal technology presents several advantages over 
activated sludge processes, for the following reasons (Goncalves et al., 1994): 
1. phosphorus removal is achieved by the incorporation of phosphorus into the 
biomass, so the higher the quantity of biomass in the biological reactor the more 
efficient the phosphorus removal. Biomass quantities four to five times the 
amount of biomass in activated sludge can be achieved in biofilters (Bacquet et 
al., 1991, in Goncalves et al, 1994). The extraction of phosphorus trapped in the 
biofilm can be achieved during filter back washing, typically at the end of the 
aerobic phase when the bacteria are rich in phosphorus (Goncalves et al., 1992); 
2. good phosphorus removal in an activated sludge system is dependent on good 
clarification (Pittman, 1992, in Goncalves et al., 1994). Fixed-film systems do not 
present this constraint and still ensure low suspended matter residuals in the 
effluent; 
3. the independence between the hydraulic residence time (HR T) and the solids 
(biomass) retention time (SRT) in biofilm reactors facilitates optimisation of the 
anaerobic contact time. In effect, the adequate supply of carbon needed to achieve 
maximum phosphorus release by the phosphorus bacteria can be obtained by 
independently regulating the duration of exposure to anaerobic conditions and the 
influent carbon source load (Goncalves et al., 1994); and 
4. in a fixed film system, it is possible to achieve strict anaerobic conditions, thus 
eliminating the nitrate interference that may occur in an activated sludge system 
during the recycle of poorly denitrified sludge 
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2.8 Fixed-film biological nutrient removal research 
A limited number of studies have been reported on combined nutrient removal using 
fixed-film systems. The few reported studies are summarised in this section. The 
major limitations of fixed-film systems resulted from the need for backwashing to 
remove phosphorus-saturated micro-organisms from the system and the deterioration 
of effluent during the transition from anaerobic to aerobic conditions. 
Goncalves and Rogalla (1992a, b) tested a fixed-film phosphorus-removing system, 
(Figure 2.3), consisting of an anaerobic biofilter followed by an aerobic biofilters 
operating in series. The influent was fed to the anaerobic filter in the series while the 
second filter was aerated. The system was operated in cycles in which the direction 
of flow was reversed at the end of each cycle and aeration between the two biofilters 
was exchanged. The cycle duration before the aeration was reversed was in the range 
of 4 to 12 hours. The researchers observed that the micro-organisms in the system 
became saturated with phosphorus because of limited sludge wasting. They 
suggested that the performance of the system could be improved by backwashing to 
remove the saturated biomass. The system was capable of nearly complete 
nitrification and 80% phosphorus removal. 
Goncalves and Rogalla (1992a, b) reported a significant effect of organic loading on 
phosphorus release in the anaerobic biofilter. Higher organic loading rates resulted 
in higher phosphorus release rates. In addition, the performance of the system was 
dependent on the CD. When phosphorus release was carbon limited at COD loading 
rates below 5 kg COD/m3 anaerobic bed/day, phosphorus release increased as the CD 
increased; however, the nitrification rate decreased as the CD increased. They 
observed that an effective nitrification rate could be maintained in the aerobic 
biofilter if the cycle duration was kept below 8 hours. 
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Aerobic Effluent Aerobic Effluent 
Air 
Figure 2.3 Anaerobic/aerobic upflow sequencing batch biofilters for 
continuous phosphorus removal (Goncalves and Rogalla 1992a, b) 
Based on the results obtained from operating their original system, Goncalves et al. 
(1994) tested a modified pilot-scale BNR system. The system consisted offive 
identical up flow floating biofilters. The layout of the 5 biofilters and the proposed 
operating procedures are presented in Figure 2.4. 
Recicrculation 
Effluent 
Phase 1 Filter 1 Anaerobic 
Recicrculation 
Phase 2 Temporization on Filter 1 
l§§ll Anaerobic 
~ Temporisation 
0 Aerobic 
Figure 2.4 Pilot plant for biological phosphorus uptake in submerged 
biofilters with nitrogen removal (Goncalves et al., 1994) 
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The operation sequence of the system was as follows: 
1. of the five biofilters, one was operated under anaerobic conditions and the 
remaining were aerated. After 2.5 hours, the anaerobic biofilter was re-aerated; 
2. wastewater was fed to the filter under anaerobic conditions. The effluent from 
the anaerobic filter was equally divided among the remaining four aerobic 
filters; 
3. at the end of the anaerobic phase of the filter, a short aeration period (30 min) 
was initiated to purify the remaining volume of phosphorus-rich water in the 
filter. During this 30 minute period, called 'temporisation', all five biofilters 
were aerated; 
4. after temporisation in the first anaerobic biofilter was completed, aeration was 
stopped in the second biofilter in the sequence, which became anaerobic. The 
influent was then fed to the second biofilter, and the effluent was divided 
among the remaining four aerated biofilters; and 
5. filter backwashing was performed when the biomass was saturated with 
phosphorus following an aerated phase. 
The flow rate in the above system was maintained at 100 Llhr, with the EBRT in 
each biofilter for 0.8 hrs. The system achieved 70-90% phosphorus removal, and 
nearly complete nitrification. In another set of experiments, the system was modified 
by introducing an anoxic zone at the bottom of 45% of each aerated biofilter to 
achieve denitrification. The anoxic zone was achieved by aerating the top part (55%) 
of each of the four aerated biofilters during each run. Nitrified effluents from the 
four aerated zones were combined and re-circulated at a rate of 300%. There-
circulated effluent was combined with the anaerobic reactor effluent and the total 
flow was introduced to the anoxic zones of the 4 remaining biofilters. The anaerobic 
phase was 1.75 hrs and the combined anoxic and aerobic phase was 2.4 hrs and 
temporisation was 0.65 hrs. The biofiltration rate was 120 L/hr and the EBRT in 
each biofilter was 6 hrs. 
The researchers observed phosphorus uptake activities in both the anoxic and aerobic 
zones of each biofilter. The system achieved 80% nitrification, phosphorus removal 
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and denitrification. The perfom1ance of the system in terms of phosphorus removal 
and denitrification was not clearly described. In a later paper discussing the same 
experiments, the authors (Goncalves et al., 1995) stated that the system achieved 60-
70% phosphorus removal, 75% denitrification and 95% nitrification. 
Goncalves-Martinez and Wilderer (1990) operated a laboratory-scale sequencmg 
batch fixed-film bioreactor for phosphorus removal (Figure 2.5). The reactor was 
periodically filled and drained and anaerobic and aerobic conditions were provided in 
cycles with total (anaerobic plus aerobic) durations of 6, 8, and 12 hours. The ratio 
of the anaerobic period to the total cycle duration was 25%, 45% or 63%. The 
wastewater in the biofilter was continuously recycled at a rate of 1 Llmin. 
pH electrode 
Port 
Effluent 
Air Pump 
Figure 2.5 Laboratory sequencing batch biofilm reactor for phosphorus 
removal (Goncalves-Martinez and Wilderer, 1990) 
The following conclusions were drawn from the study: 
1. phosphorus release during the anaerobic phase increased as the temperature 
increased from 15° C to 250 C when the cycle duration was 6 hours (50% 
anaerobic). However, the overall phosphorus removal efficiency in the system did 
not change significantly; 
2. phosphorus release in the anaerobic phase was observed to increase when the 
influent COD was increased from 160 mg/L to 450 mg/L while the cycle was 
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maintained at 6 hours (50% anaerobic). Phosphorus uptake increased as 
phosphorus release increased; 
3. phosphorus release increased as the duration of the anaerobic phase was increased 
(COD maintained at 300 mg/L). Also, phosphorus uptake improved following 
improvements in the phosphorus release; and 
4. the COD source was a mixture of glucose, acetate and peptone. When tested 
separately as sources of COD, glucose uptake in the anaerobic phase was much 
more rapid than the associated phosphorus release. The authors concluded that 
glucose uptake may not be directly coupled with storage of glucose carbon. 
Acetate gave the highest phosphorus release activity compared to the other 
substrates and the mixture of the three substrates. 
Kerrn-Jespersen et al. (1994) operated an SBR biofilter system to remove phosphorus 
using alternating an anaerobic/anoxic biofilter system (Figure 2.6). The system was 
operated under alternating anaerobic/anoxic conditions with a total cycle duration of 
6 hours (2 hrs anaerobic and 4 hrs anoxic). The anoxic conditions were achieved by 
adding nitrates to the influent. Acetate and 0.6 L settled wastewater were added at 
the start of the anaerobic phase, while nitrates, phosphate and 0.6 L biologically 
treated wastewater were added at the start of the anoxic phase. 
The contents of the biofilter were continuously re-circulated. The results from the 
Kerrn-Jespersen et al. (1994) study confirmed the following: 
1. phosphorus removal was achieved using alternating anaerobic/anoxic conditions. 
Phosphorus release occurred during the anaerobic phase and phosphorus uptake 
occurred during the anoxic phase; 
2. phosphorus release in the anoxic zone started after all the nitrates were removed, 
even though denitrification was not complete and nitrite accumulation was 
observed in the system. The observed accumulation of significant nitrites in the 
anoxic stage did not inhibit phosphorus release. 
3. the authors (Kerrn-Jespersen et al., 1993) concluded that phosphorus accumulating 
bacteria was not able to use nitrites for phosphorus uptake. 
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Figure 2.6 Pilot fixed-film reactor for biological phosphorus removal {Kerrn-
Jespersen et al., 1993) 
Simm (1988) conducted a study to examine the technical feasibility of removing 
phosphorus from domestic wastewater using a laboratory-scale SBR biological 
contactor (SBRBC) shown in Figure 2.7. The rotating discs were subjected to 
alternating anaerobic/aerobic conditions by varying the water level in the vessel. At 
the start of the treatment cycle, the RBC was filled, submerging the rotating discs and 
ensuring anaerobic conditions in the RBC biofilm. Acetate was added to the reaction 
vessel at the beginning of the submerged phase of the reaction. Following the 
anaerobic reaction period, part of the reactor contents were decanted to either the 
sewage feed tank or a separate holding vessel to later become part of the influent for 
the next treatment cycle. With the rotating discs of the RBC partially submerged, 
oxygen was available to the bacteria in the biofilm. 
The SBRBC achieved variable phosphorus removal percentages with a maximum 
removal of94.8%. Phosphorus release was observed to be dependent on the influent 
total phosphorus and the oxidation reduction potential. Carbon removal suffered 
some fluctuations due to the variability of the COD in the raw wastewater, while 
nitrification reached approximately 65%. 
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Figure 2. 7 Laboratory-scale SBR biological contactor for phosphorus 
removal (Simm, 1988) 
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2.8 Advantages and disadvantages of fixed-film BNR systems 
Based on the analysis presented in this literature review, the following advantages 
were recognised for fixed-film combined nutrient removal systems: 
1. independent control of the hydraulic residence time and the biomass retention time 
in the system; 
2. independent control of the anaerobic/aerobic cycle time which allows optimising 
phosphorus removal in the system; 
3. unlike suspended growth systems, strict anaerobic conditions can be achieved in 
fixed film systems; 
4. high solids retention time in such systems allow for more efficient phosphorus and 
nitrogen removal; 
5. absence of sludge recycling problems; and 
6. reduced sludge production. 
However, fixed-film combined nutrient removal systems suffer from the following 
limitations: 
1. the need for frequent backwashing to remove phosphorus-saturated micro 
organisms from the system. This can lead to frequent interruption of operation; 
2. the need for elaborate operational procedures to achieve uniform effluent quality 
during continuous operation; and 
3. the transition period between cycles leading to unsteady operation. 
However, it should be recognised that there is a limited number of reported fixed-
film combined BNR studies. Such systems are at the early stages of development, 
and additional research is required to investigate their full potential. 
2.9 Rationale for research on the use of fixed-film biofilters for BNR 
A study originally designed to investigate nitrification and denitrification of a 
selected aquaculture wastewater was carried out by Abeysinghe (1995) using a cyclic 
dual biofilter system (Figure 2.8). The transformations of carbon, nitrogen and 
phosphorus were characterised within each biofilter. The two biofilters were 
exposed to alternating unaeratedlaerated conditions in a time sequence (cycles). The 
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duration of each cycle was varied in the range of 3 to 12 hrs. The influent was 
always introduced to the unaerated biofilter, which required the reversal of the 
direction of flow at the beginning of each cycle. The second aerated biofilter in the 
sequence received the effluent of the anaerobic biofilter. The flow rate was 
maintained at 500 mL/min and the EBRT was 34 minutes. 
The influent contained 12 mg/L N03-N, 10 mg/L NH4-N, 50 mg/L COD and 8.5 
mg/L P04-P. Phosphorus uptake and release activity in the system were dependent 
on the cycle duration. An optimum cycle duration of 4 hours was observed at which 
maximum phosphorus removal occurred. 
Aeration stones 
Aeration box 
150mm Influent/Effluent k >I 150mm I( >I 
Solids Removal/ 
Influent/Effluent 
150mm 
Filter media 
(Pall rings) 
> Sampling points 4mm stainless stee Perforated plate 
Figure 2.8 Combined biological nutrient removal system (Abeysinghe, 1995) 
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For the four hour cycle duration, the system achieved approximately 40% phosphorus 
removal, nearly complete nitrification (>95%) and approximately 40% 
denitrification. The phosphorus release and uptake activity was low for the nine hour 
cycle and was negligible for the 12 hour cycle. Denitrification was observed in both 
biofilters, the aerated and unaerated. Denitrification increased and phosphorus 
release activity decreased as the cycle duration increased in the unaerated biofilter. 
However, no denitrification was observed in the unaerated biofilter for cycle 
durations of less than six hours. While no nitrification occurred in the unaerated 
biofilter, efficient nitrification was observed in the aerobic biofilter for all cycle 
durations. The nitrifiers appeared not to be affected by the stress resulting from 
cyclic aeration. The lack of denitrification following nitrification in the combined 
nutrient removal system resulted in incomplete nitrogen removal. The study 
suggested that the CD is an independent process control parameter with significant 
impact on biological activity in biofilters subjected to alternating environmental 
conditions. 
While the study focused on the control of toxic ammonia and nitrites in fish tanks to 
improve production, reduce discharge of nutrient and allow water reuse, the results 
from the combined nutrient removal system suggested that the system can be 
improved and adopted for the combined removal of nitrogen and phosphorous from a 
variety of wastewater streams. 
The performance of the combined nutrient removal system (Figure 2.8) suffered from 
the following limitations: 
1. the system was capable of limited phosphorous removal and denitrification. The 
lack of denitrification following nitrification resulted in incomplete nitrogen 
removal and the conversion of ammonia to nitrates; 
2. the hydraulic residence time in both the aerobic and the anaerobic phases was 
identical. Optimisation of nutrient removal requires independent control of the 
residence time in the aerobic and the anaerobic phases; 
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3. the effluent quality deteriorated during the transition period. The transition period 
resulted from reversing the direction of flow at the end of each cycle and from the 
alternating unaerated/aerated conditions; and 
4. reversing the direction of flow was manually achieved by exchanging the feed 
tubes between the influent and effluent tanks. 
Abeysinghe's (1995) system was developed after similar systems reported in the 
limited number of combined BNR studies. Accordingly, the limitations identified for 
the above system are typical of those observed for other reported fixed-film 
combined BNR systems. 
2.10 The modified fixed-film system 
The above discussion suggested that Abeysinghe's (1995) system can be significantly 
improved by including the following modifications: 
1. incorporating a denitrification step following nitrification to achieve complete 
nitrogen removal; 
2. controlling the detention time in the anaerobic and aerobic or anoxic zones of the 
system. This modification is required to optimise the removal of the various 
nutrient from the wastewater stream; 
3. automation of the system to prevent operational irregularities resulting from 
human factors; and 
4. optimising the performance of the system by identifying the role of CD in the 
transformations of nitrogen and phosphorus, in addition to creating a conceptual 
design for an effective fixed-film biofilter system for BNR. 
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3.0 MATERIALS AND METHODS 
3.1 Previous QUT fixed-film BNR studies 
A previous research effort was undertaken to develop a fixed-film biological nutrient 
removal (BNR) system for application in aquaculture (Abeysinghe, 1995). In that 
study, a biofilter system was developed and evaluated: a nitrification system, a 
nitrification/denitrification system, and a dual combined nutrient removal system 
incorporating enhanced biological phosphorus removal. 
Abeysinghe's (1995) combined nutrient removal system (Figure 2.8) consisted oftwo 
in-series biofilters operating in an alternating unaerated/aerated arrangement. Each 
biofilter was aerated in a time sequence, and the flow direction was reversed at the 
end of each cycle. The performance of the system suffered from the limitations 
stated in section 2.9. 
In this study, the performance of Abeysinghe's (1995) system was improved by 
incorporating the following modifications: 
1. a third biofilter was added to allow denitrification following nitrification to 
complete nitrogen removal; 
2. the detention time was controlled in the anaerobic and aerobic or anoxic zones of 
the system. This modification was required to optimise the removal of the various 
nutrients from the wastewater stream; 
3. the system was automated to prevent operational irregularities resulting from 
human factors; and 
4. all biofilters were operated under upflow conditions. 
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3.2 Development of a novel fixed-film BNR system 
The biofilter system used in this study (Figure 3 .1) expanded that described by 
Abeysinghe (1995) through the following modifications: 
1. the packing media utilised in this study were pall rings instead of the practice golf 
balls; 
2. operation of the biofilter system was automatically controlled by using a set of 
control ball valves and pumps connected to a timer. The cyclic alternation of the 
non-aerated/aerated conditions and the reversal of the flow direction were 
activated by four sets of ball valves controlled by a programmable timer; 
3. three biofilters were used instead of two. The first and third biofilters were 
operated in an unaerated/aerated cycles, while the middle biofilter was constantly 
aerated; and 
4. all biofilters were operated under up-flow conditions, as opposed to a down-flow 
biofilter followed by an up-flow biofilter. 
The rationale behind the design of the fixed-film system is described in the following 
sections. The first biofilter in the series received the influent and was unaerated. In 
this biofilter, carbon removal and phosphorus release were achieved. The second 
biofilter, which was constantly aerated, completed carbon removal and achieved 
nitrification. The effluent from the second biofilter contained the products of 
nitrification; mainly nitrates. The degree of effluent saturation with oxygen was 
controlled by modifying the aeration rate. The third biofilter achieved phosphorus 
uptake under aerobic and/or anoxic conditions, depending on the supply of oxygen to 
the biofilter. 
Limited denitrification was achieved in the third biofilter mainly due to the lack of 
external organic carbon supplies. Without external carbon supplies, the source of 
carbon for denitrification was the carbon reserve stored in the biomass, which was 
stored during the phosphorus release phase when the biomass was unaerated during 
the previous cycle. 
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Figure 3.1 Experimental set-up of the biofilter system 
The development of the system was based on the following considerations: 
1. proper control of oxygen levels in the biofilters; 
2. avoidance of excessive aeration in the cyclic biofilters; 
3. achievement of nitrification and denitrification in separate biofilters; and 
4. automation of operation, including cyclic operation and sampling when necessary. 
Automation was achieved usmg control ball valves connected to a programmable 
timer. The valves were especially designed for the project and were fabricated at 
QUT laboratories. The ball valves allowed minor flow restrictions that were unlike 
the small openings of tht· three way solenoid valves, which were tried earlier in this 
study. The automatic operation of the system and the cycle duration is described in 
more details in section 3.4. 
The first biofilter in the series was intended to operate under anaerobic conditions 
during the time of the cycle. Fixed-film biofilters allow proper maintenance of 
anaerobic conditions. Direct vigorous aeration was not provided to the third biofilter 
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to prevent excessive loss of biomass. The excessive loss ofbiomass had been a 
concern because the first and third biofilters were operated under alternating 
anaerobic/aerobic conditions, sometimes with extended aeration activity. However, 
to ensure that the third biofilter maintained adequate DO levels, excessive aeration 
was provided into the second biofilter to ensure saturating the influent to the third 
biofilter with oxygen. 
Excessive aeration in the second biofilter was also intended to achieve efficient 
nitrification, and also to lower the oxygen demand due to denitrification in the third 
biofilter. Achieving nitrification in the second biofilter also provided opportunities for 
denitrification in the third biofilter. 
3.3 Column construction details 
The individual biofilters were similar to those used by Abeysinghe (1995). Each 
biofilter (Figure 3 .2) was one metre long and had an internal diameter of 150 mm. A 
conical base was attached to the bottom of the cylindrical portion to facilitate sludge 
wasting. A perforated plate (having 5 mm perforations evenly spread across each 
plate) was placed on the conical portion of the biofilter to support the filter media and 
to ensure even distribution of the feed solution. The plates and the base were 
attached to the cylindrical portion with brass bolts (5 mm diameter), and the plates 
were completely sealed using silastic sealant. 
The packing media consisted of polypropylene pall rings (50 mm diameter and 50 mm 
long). The choice of the packing media was based on a study of the performance and 
design of packed column systems carried out by Hackney and Colt (1982). Their 
results showed that the intermediate size pall ring packing media (38-50 mm) had the 
best oxygen transfer characteristics. The pall rings used in this study were cut in half 
along their length to increase the specific surface area and to increase the volume that 
could be filled inside the column. The estimated surface area of the modified pall 
rings was approximately 115 m2/m3 and the void space was approximately 93%. 
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Five sampling ports were installed along each biofilter, 150 mm apart, with double 
sampling ports installed diametrically opposed at each level to obtain representative 
samples. Sample ports were placed on a spiral path along the length of the biofilters 
with two additional sampling points at the entrance and exit from the biofilters. 
150mm 
(Pall rings) 
lOOOmm 
Flowmeter 
Influent 
Sampling points 
4mm stainless steel 
Pe:tforated plate 
Figure 3.2 Column construction details for the combined nutrient removal 
system 
The feed wastewater and the flow in the system were maintained by using two 
peristaltic liquid feed pumps (Watson-Marlow Model MHRE 200). The first pump 
was used to introduce the influent into the first biofilter in the series, which was 
tightly closed and operated under a slight positive pressure, enough to push the water 
through the second biofilter. The effluent from the second biofilter was pumped into 
the third biofilter at double the speed of the influent pump to prevent accumulation of 
water from the second biofilter. 
Silicon tubing (5 mm internal diameter) was fitted on the pump heads for pumping. 
For other connections, vinyl nylon clear tubing (6 mm internal diameter), was used to 
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carry the wastewater through the system. Polypropylene or high density polyethylene 
unions (Crosses, T, andY) and connectors were used for tube connections. 
Compressed air was diffused at the bottom of the constantly aerated biofilter in the 
series via air stone diffusers. The aeration rate was adjustable to ensure adequate 
oxygen supply to the system and to carry over enough air bubbles with the aerated 
effluent to the third biofilter in the cycle. The aeration rate was maintained high at 
21 1/min to ensure that the oxygen demand in this biofilter was satisfied, and that the 
effluent became saturated with DO. This was confirmed by a uniform DO 
concentration of 8-8.5 mg/1 in the effluent. 
3.4 Cyclic operation of the biofilter system 
The first and third biofilters in the system were operated under alternating 
unaerated/aerated conditions in cycles. The influent was fed to the first biofilter in 
the cycle (biofilter 1 in the forward direction and biofilter 3 in the reverse direction). 
Feeding the influent to the unaerated biofilter in the cycle required reversing the 
direction of flow between the two cyclic biofilters at the end of each cycle. To 
introduce the influent automatically into the unaerated biofilter in the cycle, the 
direction of flow in the system was arranged using a set of four control valves 
connected to a programmable timer. 
The programmable timer was connected to the four control valves. Based on the 
cycle duration required, the timer was designed to give a signal to the control valves 
to allow flow in the opposite direction. This resulted in the reversal of the direction 
of flow in the system. The resulting operation in the forward direction is such that 
the influent flowed from the feed tank through valve 1 (Figure 3.3a) which was open 
in the direction of biofilter 1 and closed in the direction of biofilter 3. The 
wastewater then flowed from the first biofilter into the second biofilter through 
control valve 2, which received flow from either biofilter 1 or 3. From the second 
biofilter, the effluent flowed into biofilter 3 through control valve 3, which 
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distributed the flow to either biofilter 1 or 3. The effluent from biofilter 3 flowed 
into the effluent tank through control valve 4, which received final effluent from 
either biofilter 1 or 3. 
When the direction of flow was automatically reversed at the end of a cycle, the timer 
sent a signal to the control valves, which reversed the direction of flow resulting in 
an identical but reversed operational sequence (Figure 3.3b). A schematic ofthe 
valve arrangement ofthe system is presented in Figure (3.3c) 
3.5 Start-up and operation 
Biomass seed samples were obtained from the aeration tank ofLoganholme BNR 
Wastewater Treatment Plant in Queensland, Australia. The plant utilises a 
suspended growth combined nutrient removal system. The biomass seed sample was 
rich in micro-organisms capable of nitrification, denitrification, and phosphorus 
removal. The Loganholme Wastewater Treatment Plant consists of a modified UCT 
system. 
The biofilters were filled with the biomass seed samples, and the system was 
operated under the conditions specified in the following experimental design section. 
Initially, there was a significant loss of biomass in the final effluent. However, with 
time and after 6-8 weeks from the time of seeding, the biomass reached steady state, 
started to attach to the media and the performance of the system improved. The daily 
operational activities consisted of feed preparation, monitoring of the BNR activity in 
the system, and flow measurement and adjustment if necessary. Once a steady state 
activity was observed in terms of the trends for the parameters measured, an 
experimental run was carried out. The tubes carrying the flow into the system were 
replaced when the growth in them became evident. The cyclic biofilters were 
covered with aluminium foil to exclude light penetration and prevent predation. 
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Figure 3.3c. Schematic of the fixed-film BNR system with the valve system 
arrangement 
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3.6 Sampling and monitoring 
Prior to sampling, the system was operated until the performance of the biofilters 
stabilised under the particular set of experimental conditions. This was tested by 
monitoring the effluent quality from each biofilter at regular time intervals. When 
the performance stabilised, which normally took two to four weeks between each set 
of experimental conditions, samples were collected from the effluent of each 
biofilter. The samples were withdrawn from the final effluent first, then from the 
second biofilter effluent, then from the first biofilter effluent. 
Usually, 70 ml samples were collected from the effluent of each biofilter. The rate of 
sample withdrawal was lower than the flow rate to minimise disturbing the biomass 
in the system. Sampling was achieved either manually or using programmable 
automatic samplers. Automatic sampling was achieved using a programmable 
sampling pump equipped with three heads, with the inflow lines to the pump 
connected to the sampling point at the effluent from each biofilter. 
The sampling pump (Gilson Miniplus 3 peristaltic Pump model) is designed for 
transferring fluids with a high level of speed stability and low pulsation level. The 
pump had a head speed of 0.01-48 rpm with 0.01 rpm increments up to 9.99 rpm. 
The pump was programmed to deliver a volume of 70 ml of sample into a single 
bottle. The pump directed the samples to three automatic samplers that contained the 
sampling bottles. 
Two of the samplers were identical (models ISCO 1640) and the third was different 
(American Sigma Streamline model 800SL Portable Sampler). Each of the three 
individual samplers had a rotating carousel that was programmed to rotate at pre-set 
time intervals and contained 28, 250 ml capacity bottles. The centre of each sampler 
surrounding the bottles was filled with ice to preserve the samples during overnight 
sampling. The samplers were mainly used for overnight sampling as a rotating 
carousel and for sample preservation. The pumps contained in the samplers were 
disconnected and replaced with the programmable sampling pump. The biofilter 
system, sampling pump, and two of the portable samplers are shown in Figure 3.4. 
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Figure 3.4 Automatic samplers and three-head sampling pump set-up 
Samples for DO measurement were collected manually in a specially designed 
perspex bottle, as described in the analytical methods section. 
3.7 Experimental design 
The experimental component of this study consisted of three separate phases: 
• phase 1 experiments: effect of CD on phosphorus and nitrogen transformations in 
the biofilter system at 1 00 ml/min flow rate; 
• phase 2 experiments: effect of CD on phosphorus and nitrogen transformations in 
the biofilter system at 200 ml/min flow rate; and 
• phase 3 experiments: experiments were designed in two parts: part one to study 
denitrification using an external carbon source at 200 ml/min flow rate. For part 
two experiments, the biofilters were re-arranged in anaerobic/anoxic/aerobic 
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sequence, and the nitrified effluent was recycled to the anoxic biofilter. The 
transformations of nutrients were then monitored. 
The experimental design data are summarised in Table 3.1 (p.3-17 ). 
3. 7.1 Phase 1 experiments 
The purpose of this experimental phase was to study the effects of varying the CD on 
the performance of the biofilter system, in terms of modifying the transformations of 
DO, TOC, N, and P. 
In terms of DO, it was expected that all three biofilters would maintain aerobic DO 
levels during the short CDs. This was predicted because short CDs would not allow 
enough time for the residual oxygen from the previous cycle to be consumed in the 
first biofilter. On the other hand, extended anaerobic activity was expected to 
develop in the first biofilter during the longer CDs. 
In terms of phosphorus, varying the CD was expected to have a significant impact on 
this biological activity. Phosphorus release, and therefore phosphorus uptake, was 
expected to be inhibited during short CDs due to the absence of anaerobic activity. 
Similarly, very long CDs were expected to have a negative impact on the phosphorus 
activity due to phosphorus saturation/depletion and inhibition of phosphorus micro-
organisms selection. As such, it was necessary to investigate a range of CDs to 
determine whether an optimum CD existed. 
Varying the CD was also expected to have a significant impact on the TOC removal 
in the biofilter system. The TOC removal in the system was expected to be linked to 
the phosphorus and denitrification activities and, as such, it was essential to 
investigate the impact of the CD on TOC removal. Similarly, the CD was expected 
to shape the nitrogen transformations in the system. 
The experimental conditions for this phase were as follows: 
• flow rate = 100 ml/min 
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• empty bed residence time= 2.6 hours 
• cycle durations: 0.25, 2, 3, 6, 12, 24, 48, and 72 hours; and 
• no active sludge wasting from any of the biofilters was performed during this 
phase 
The 100 ml/min flow rate was selected based on the results of trials for nutrient 
transformations in the developed biofilter system. The flow was varied in the range 
of 50-250 ml/min. The data suggested that the performance of the system was 
efficient when the flow rate was maintained below 200 ml/min. 
The initial CD tried was 12 hours. The system was then operated at 0.25 hours and 
then 24 hours. The sequence of CD in hours was 12, 0.25, 24, 2, 48, 6, 72, and 3 
hours. The short CDs were selected to verify that the system remained aerobic. The 
longer CDs were selected to confirm whether deterioration of the phosphorus activity 
occurred and to investigate the depletion and saturation of the biomass with 
phosphorus. A schematic of the system used in phases 1 and 2 experiments is shown 
in Figure 3.5. 
3. 7.2 Phase 2 experiments 
Following the successful completion of phase 1 experiments, all three biofilters were 
thoroughly backwashed with air and water until a small fraction of biomass 
remained. The system (Figure 3.6) was then operated under the following 
conditions: 
• flow rate = 200 mllmin 
• empty bed residence time = 1.3 hours 
• cycle durations: 0.5, 3, 4, 9, 12, 15, 24, 48, and 120 hours; and 
• no active sludge wasting from any of the biofilters was performed during this 
phase 
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Biofilter 2 CV3 
Pall Rings 
CV4 
Feed Tank Effluent Tank 
Figure 3.5 Schematic of the fixed-film BNR system with flow in the forward 
direction 
(CVl =Control Valve #1, 0 =Open, C =Closed) 
In addition to increasing the flow rate from 100 to 200 ml/min during this phase, the 
other difference with the 100 ml/min experiments was that some aeration was 
directly introduced into the third biofilter. Without supplemental aeration, the DO in 
the third biofilter effluent did not exceed approximately 2 mg!L following the 
transition period that followed the switch to a new cycle, even though the influent to 
the third biofilter was saturated with DO. With the additional aeration provided, the 
third biofilter quickly established aerobic conditions following the transition period, 
and the DO levels increased to above 5 mg/L within 2 hours 
The sequence of the CD tried was similar to that of phase 1 experiments. The initial 
CD tried was 12 hours. The sequence of CD in hours was 12, 0.5, 15, 3, 24, 4, 48, 9, 
and 120 hours. This sequence was selected to ensure that the system was not 
adjusting to increasing or decreasing CDs and to minimise the bias in terms of the 
response of the system. 
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The major objective of this experimental phase was to confirm the total organic 
carbon, nitrogen, phosphorus transformations trends observed during phase one 
experiments. Also, to investigate whether the nitrogen and phosphorus activities 
were influenced by the biofiltration rate. 
3. 7.3 Phase 3 experiments 
Comparison of the results from both studies (100 and 200 ml/min experiments) 
described in Sections 3. 7.1 and 3. 7.2 suggested that denitrification in the third 
biofilter was limited by the lack of adequate external carbon supplies. This lack of 
adequate external carbon supplies in the nitrified effluent also prevented the efficient 
consumption of the residual oxygen in the third biofilter, which did not fully develop 
anoxic conditions. 
To enhance denitrification in the system, external carbon supply was added to the 
influent of the third biofilter. Five studies were carried out by adding acetate in a 
controlled manner at four different flow rates: 5.5, 9.7, 13.8, and 24 ml/min. A 
peristaltic liquid dosing pump (Watson-Marlow Model MHRE 200) was used to 
inject a pre-set carbon dose straight into the line feeding the third biofilter in the 
series in order to achieve improved denitrification results in the system (Figure 3.6). 
Prior to introducing the external TOC supplies, aeration to the third biofilter was 
turned off and the performance of the system was assessed. 
The treatment sequence consisted of an unaerated biofilter for phosphorus release 
and carbon uptake, followed by an aerobic biofilter for nitrification, followed by an 
anoxic biofilter for denitrification and phosphorus uptake. The denitrification 
experiments were conducted by varying the flow rate of the injected external carbon 
dose (sodium acetate). 
The experimental conditions were as follows: 
• flow rate =200 ml/min; 
• cycle duration = 12 hours 
• EBRT = 1.3 hrs; 
Materials & Methods 3-14 
• feed composition (refer to Table 3.3); and 
• external carbon source injection to the third biofilter at the following flow rates (0, 
5.5, 9.7, 13.8, and 24 ml/min). These flow rates resulted in the following 
TOC/Total Inorganic Nitrogen (TIN) ratios: 0, 0.1, 1.3, 1.9, and 3, respectively. 
The external TOC source used to enhance denitrification consisted of a sodium 
acetate solution which was prepared by mixing 225 g of acetate in 15 litres of water. 
The resulting TOC concentration was 265 mg/1 TOC. A summary of the 
experimental conditions, objectives of the experiments, and the performance 
parameters monitored is presented in Table 3 .1. 
c 0 
Biofilter 2 
Pall Rings 
Feed Tank CV4 
Biofilter 3 
Sodium 
Acetate Tank 
Effluent Tank 
Figure 3.6. CBNR for the denitrification studies with flow in the forward 
direction 
(CVl =Control Valve #1, 0 =Open, C =Closed) 
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During the second study carried out during phase 3, rearrangement of the three 
biofilters in an anaerobic/anoxic/aerobic sequence with recirculation of the nitrified 
effluent to the second anoxic biofilter in the series using only three sets of ball valves 
instead of four, was attempted. The aim of this study was to explore the effect of this 
arrangement on denitrification and phosphorus activity. The CD was maintained at 
12 hours, and the flow rate was maintained at 200 ml/min. The biofilter system 
arrangement is shown in Figure 3. 7. The recirculation rates tried were 0, 100, and 
200%. The system however,suffered from flooding when the 200% recirculation run 
was attempted, thus the results of the findings of those three runs will be presented in 
Chapter 4, and discussed in Chapter 5, as indicative for future studies and thus could 
not be considered to be conclusive. 
Ball Valve 1 
Ball 
Valve 2 
Feed Tank ~..... ___ ..... Ball Valve 3 
Effluent Tank 
Recirculation 
Pump 
Biofilter 3 
Final 
Effluent Tank 
Figure 3. 7 Anaerobic/anoxic/aerobic BNR with flow in the forward direction 
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Table 3.1 Experimental design summary 
Study phases Experimental Conditions Cycle Parameters Purpose of experiment Comments 
Durations Analysed 
Phase 1 • flow rate: 100 ml/min 0.25, 2, 3, 6, DO,~-N, • transformations ofC, N, P, with CD; confirmed that: 
experiments • EBRT: 2.58 hrs 12, 24, 48, N03-N,NOr • explore lower CDs to verify that all • all biofilters remained 
• effect of CD on • feed composition: refer to and 72 N,NPTOC, biofilters remain aerobic; and aerobic for short CDs; 
NandP Table 3.3 hours and P04-P • explore upper ends of CDs to • CD had an effect on 
transformations confirm saturation/depletion of CBNR; and 
in biofilters at phosphorus reservoir of the biomass • extended CDs are 
100 ml/min conducive for biological 
phosphorus removal 
Phase2 • flow rate: 200 ml/min 0.5, 3, 4, 9, DO,~-N, • confirm effect of CD on C, N, P; confirmed that: 
experiments • EBRT: 1.3 hrs 12, 15, 24, N03-N, N02- • explore the very upper ends of CDs; • Saturation/depletion of 
• effect of CD on • feed composition: refer to 48, and 120 N,NPTOC, and phosphorus in the system 
NandP Table 3.3 hours and P04-P • find optimum range of CDs for occurs during very long 
transformations CBNR. CDs; and 
in biofilters at • optimum CD is the one 
200 ml/min just before 
saturation/ depletion 
occurs 
Phase 3 • flow rate: 200 ml/min 12 hours DO,NRt-N, • explore effect of external carbon Confirmed that: 
experiments • cycle duration: 12 hrs N03-N, N02- source on denitrification in third • denitrification improved 
• Denitrification • EBRT: 1.3 hrs N,NPTOC biofilter. with acetate addition 
studies using • feed composition: refer to and P04-P 
external carbon Table 3.3 
source at 200 
• sodium acetate trihydrate 
mllmin addition at flow rates of: 0, 
5.5, 9.7, 13.8, and 24 mllmin 
-
-- ----
-
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3.8 Feed composition and preparation 
The composition of the feed (Table 3.2) was based on the simulated aquaculture 
water formula proposed by Rogers and Klemetson (1985). The simulated influent 
used by Rogers and Klemetson (1985) was developed based on actual water quality 
parameters of aquacuture water from a prawn grow-out facility. The composition of 
the selected synthetic aquaculture water used in this study is presented in Table 3.3. 
The feed was prepared twice daily and introduced into the system at flow rates of 100 
ml/min during phase 1 experiments and 200 mllmin during phases 2 experiments. 
To minimise feed decomposition during the hot season due to bacterial growth and to 
maintain freshness of the feed, the feed was cooled down by recirculating into a 
coiled tube inside a freezer before entering the first biofilter 
3.9 Analytical procedures 
The performance of the system in terms of the transformation of carbon, nitrogen, 
and phosphorus was monitored in the effluents from the biofilters by measuring pH, 
DO, TOC, NH4-N, N02-N, N03-N, and P04-P. Detailed description of the analytical 
methods is presented in the following sections. 
3.9.1 Sample handling and preservation 
Collected samples were analysed for nutrients on the same day. Samples were 
passed through a 0.45 !Jll1 cellulose acetate membrane filter before analysis. The 
supernatant was preserved according to Standard Methods (APHA, 1992) and stored 
at 4°C in sealed glass bottles for analysis later. 
Materials and Methods 3-18 
Table 3.2 Composition of feed 
Constituent mgll 
Acetate 45-50 
P04-P 8.5- 8.75 
NH4-N 8.5-9.3 
N03-N --
NOz-N --
Total inorganic 9.7-10.3 
-N 
Alkalinity 125 
pH 7.5-8.0 
Table 3.3. Synthetic feedstock solution composition. 
Constituent Rogers and Abeysinghe (1995) This study 
Klemestson mg/L 
(1985) 
Dextrose/ Acetate 100 1 00 (Dextrose) 250 (Acetate) 
(Dextrose) 
Yeast extract 10 10 10 
Urea 5 5 5 
NazHP04 40 40 40 
NaHC03 125 125 125 
MnS04 2 2 2 
NH4Cl As needed varied (8.5-1 0) 30.5 
N03-N -- 12 --
The DO and pH were measured immediately after collecting the samples. The 
samples were then filtered through a 0.45 )J11l cellulose acetate membrane filter 
before analysis. Collected samples were typically analysed for nutrients on the same 
day of collection, however, when necessary, the supernatant was preserved in sealed 
plastic containers according to Standard Methods (APHA, 1992) and stored at 4°C 
for analysis later. 
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3.9.2 pH 
The pH was measured using standard procedures as described in Standard Methods # 
4500 (APHA, 1992) using a pH glass electrode (Metrohm 6-0209-000) connected to 
a Metrohm pH meter (modelE 588, CH-9100 Herisau). The pH meter was capable 
of measurements in the range of0-14. 
The pH readings for the samples were taken as soon as the samples were collected. 
The electrode was rinsed well with distilled water prior to use and following each 
usage. Calibration was performed by immersing the electrode in a buffer solution 
with a known pH, then adjusting the scale to the pH and adjusting the needed 
controls. The temperature dial was set to the sample temperature before the initiation 
of the calibration procedure. The instrument was calibrated under two pH ranges 
against two buffer solutions in order to cover the pH range (i.e., at 4, 7, and 9.2). 
3.9.3 Dissolved oxygen 
Dissolved oxygen was measured using a DO meter (Type YSI 55 Dissolved Oxygen 
Meter) connected to a DO probe (Model 5775 Oxygen Probe Service Kit). The 
samples withdrawn for oxygen measurement were collected using a specially 
fabricated perspex conical bottle with two tubular inlets and a mouth adapted to fit 
the DO electrode (Figure 3.8). 
The bottle was initially purged with nitrogen gas via one of the tubular openings 
while the DO probe was inserted into the mouth ofthe bottle which was designed to 
make a perfect seal with the probe. A magnetic stirrer was introduced into the bottle 
prior to purging with nitrogen. The wastewater was introduced slowly into the bottle 
from the second side opening until it filled the bottle to the rim, making sure that no 
air bubbles were trapped inside. Once the bottle was full, the connecting sampling 
tube was closed with a clamp and the DO was measured while stirring. The reading 
was taken using a pre-calibrated DO meter. 
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Nitrogen Gas 
Inlet 
DO Pro be Inlet 
Short Flexible 
Connection Tube 
Wastewater 
Inlet 
Figure 3.8 Schematic of the bottle used for DO measurements 
3.9.4 Ammania-N 
Ammonia-N was measured using a Coming Ammonia Combination according to 
Standard Method # 4500-NH3_F (APHA, 1992). This ammonia-selective electrode 
method is applicable over the range from 0.03 to 1400 ammania-N, mg/1. The 
electrode was calibrated using a set of ammonia-N standards in the range of 0.1-100 
mg/1. The standards were prepared using a stock ammonium chloride solution with a 
concentration of 1000 mg/1 ammania-N. Using distilled water and the serial dilution 
technique, the standards were prepared for each set of experimental samples. 
Ammonia analysis was carried out as soon as the samples were collected to obtain 
accurate results. 
3.9.5 Nitrate-N 
Nitrate-N was analysed using the Cadmium Reduction method described in Standard 
Methods # 4500-N03-E (APHA, 1992). A Hach Pillow Powder NitraVer 5 Nitrate 
powder (catalogue #14034-66) was used to develop an amber colour ifnitrate-N was 
present. A Shimadzu UV-VIS Spectrophotometer was used to measure nitrate-N in 
the range of 0-4.5 mg/1 N03-N at a wave length of 400 nm. The method is approved 
by the United States Environmental Protection Authority (USEP A) for water and 
wastewater having a medium range nitrate-N concentration (0-4.5 mg/1 N03-N). The 
samples were typically diluted (1: 1) then analysed. Five standards were prepared in 
the ranges ofO to 10 mg/1 N03-N. The concentrations in the measured samples were 
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obtained using a calibration graph that was prepared describing the correlation 
between the standards concentration in mg/1 vs. absorbance. 
3.9.6 Nitrite-N 
Nitrite-N was analysed using the Diazotation Standard Method # 4500-N02-B 
(APHA 1992). A Shimadzu UV-VIS Spectrophotometer was used to measure N02-
N in the lower range of 0-0.3 mg/1 N02-N at a wavelength of 507 nm. The reagent 
used in the measurement was Hach Pillow Powder Sachets (Catalogue# 14065-66), 
and the development of a pink colour was an indicator of the presence of nitrite-N in 
the samples. A calibration graph of concentration in mg/1 vs. absorbance was 
prepared using standard solutions covering the range of concentrations from 0 to 0.5 
mg/1. 
3.9. 7 Ortho-phosphate 
Reactive phosphorus (orthophosphate, P04-P) was analysed using the Ascorbic Acid 
Standard Method No # 4500-P (APHA 1992). The analysis was performed using a 
Shimadzu UV-VIS Spectrophotometer at a wave length of 890 nm. The reagent used 
for colour development was Hach Pillow Powders PhosVer 3 (catalogue# 2125-99), 
USEPA approved for reactive phosphorus in the range of 0-0.81 mg/1 P04-P or 
equivalently 0-0.25 mg/1 P04-3 for wastewater. A blue colour formed if phosphate 
was present in the sample. 
A calibration curve was constructed for each experimental set using standards in the 
range of 0-1 mg/1. Wastewater samples were diluted in the range of 1: 10 to 1 :20 
according to the phosphorus concentration in the wastewater sample. All glassware 
used was rinsed thoroughly with 1:1 HN03 acid and followed by distilled water to 
avoid contamination and sorption of phosphorus compounds on the glass walls. 
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3.9.8 Non purgeable total organic carbon 
A Beckman model 915 B total carbon analyser was used for non purgeable total 
organic carbon (NPTOC) analysis. Samples and standards were acidified with 
phosphoric acid to reduce pH to 2 or less. The samples and standards were then 
purged with nitrogen gas to remove the inorganic carbon before analysis, according 
to Standard Methods # 5310 B Combustion Infrared Method (APHA, 1992). A 50 f..!l 
sample was injected several times, and the average instrument reading was used to 
calculate the concentrations of the samples. A standard curve was constructed using 
standards prepared from an organic carbon stock solution. The standards were in the 
range 0-50 mg/1 NPTOC. 
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4.0 RESULTS 
4.1 Introduction 
The experimental work in this study was carried out in three phases. These were: 
• phase 1 experiments: effect of CD on phosphorus and nitrogen transformations in 
the biofilter system at 100 mllmin flow rate; 
• phase 2 experiments: effect of CD on phosphorus and nitrogen transformations in 
the biofilter system at 200 ml/min flow rate; and 
• phase 3 experiments: denitrification using an external carbon source at 200 
ml/min flow rate and BNR studies using a re-arrangement of the biofilters in an 
anaerobic/anoxic/aerobic sequence with recycle of the nitrified effluent to the 
anoxic biofilter. 
A detailed description of the specific experimental conditions was presented in 
Chapter 3. During the first two experimental phases, the performance of the system 
was monitored to evaluate the impact of varying the CD on the nitrogen, phosphorus, 
and total organic carbon transformations. During the third experimental phase, the 
CD was maintained constant, and the external TOC supplied to the third biofilter was 
varied. 
A significant amount of data was collected over two years of experimental work. 
The data is presented and described in this chapter. This presentation of the results 
points to the major performance trends observed. A critical discussion of the results 
is presented in Chapter 5. 
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4.2 The 100 ml/min experiments 
The main purpose of this experimental phase was to evaluate the impact of varying 
the CD on the performance ofthe system. The CD was varied in the range of0.25 to 
72 hours in the following order: 12, 0.25, 24, 2, 48, 6, 72, and 3 hours. The 
performance results for each CD are described below. 
CD = 0.25 hours 
During the 0.25 hour CD, all three biofilters remained aerobic because the biomass 
was re-aerated before the residual DO was consumed. This was indicated by the 
dissolved oxygen (DO) data presented in Figure 4.1a. In the effluent from the 
unaerated biofilter, the DO was initially 4.9 mg/1 and dropped to 4.1 mg/1 by the end 
of the cycle. The feed, which was purged with nitrogen, maintained a DO level of 
approximately 1.6 mg/1. The DO averaged 8.3 mg/1 in the constantly aerated biofilter 
effluent throughout the cycle. In the final effluent from the aerated biofilter, the DO 
was initially 3.9 mg/1 and increased to 4.1 mg/1 by the end of the cycle. 
The phosphorus activity recorded for the 0.25 hour cycle is presented in Figure 4.1 b. 
As a result of the prevailing aerobic conditions in all three biofilters, the P04-P 
variations in the system during this cycle were complex and the P04-P activity was 
limited and any observed activity could have resulted from localised reactions in 
certain zones in the biofilter. The concentration ofP04-P remained in the range of 
6.6 mg/1 to 6.8 mg/1 in the effluent from the unaerated biofilter. The concentration of 
P04-P in the final effluent was within the range of7.1-8.4 mg/1. 
The transformations of TOC are shown in Figure 4.1c. The feed contained an 
average of 49 mg/1 TOC. The TOC concentration in the effluent of the first, second 
and third biofilters remained in the range of 5-7 mg/1 throughout the cycle. The 
system achieved 88.6% TOC removal, and the total TOC mass removed was 74 mg 
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or 296 mg/hr. The high rate of TOC removal in the system could be attributed to the 
prevalence of aerobic activity as all three biofilters remained aerated during this short 
cycle. Conversion of TOC is known to be faster under aerobic conditions than under 
anaerobic conditions. 
The annnonia-N concentration in the feed averaged 8.4 mg/1. In the effluent from the 
first biofilter, the concentration of ammonia-N increased slowly from 2.5 mg/1 to 3.2 
mg/1 by the end of the cycle. The concentration of ammonia-N in the constantly 
aerated biofilter effluent remained below 0.5 mg/1 throughout the cycle. The final 
effluent ammonia-N concentration was initially 5.6 mg/1 and decreased with time to 
3.4 mg/1 by the end of the cycle (Figure 4.2a). Based on the difference between the 
mass of ammonia-N in the influent and final effluent, the system achieved 46% 
nitrification. The system removed a total of approximately 6 mg annnonia-N during 
the cycle at an average rate of23.7 mg ammonia-N per hour of the cycle. 
The nitrate-N concentration in the feed was negligible throughout the cycle. In the 
effluent from the first biofilter, the concentration ofnitrate-N varied in the range of 
1.8 - 2.3 mg/1. In the effluent from the second biofilter, the nitrate-N concentration 
was 4.2 mg/1 initially then dropped to 3.5 mg/1 by the end of the cycle. In the effluent 
from the third biofilter, the nitrate-N concentration was in the range of 1.2-2.1 mg/1 
(Figure 4.2b). The concentration of nitrite-N in the effluents from all biofilters 
remained, however, below 0.2 mg/1 (Figure 4.2c ). 
The total inorganic nitrogen-N concentration in the feed averaged 8.6 mg/1. In the 
first biofilter effluent, the total inorganic-N concentration remained in the range of 
4.2 to 5.2 mg/1. In the effluent from the constantly aerated biofilter, the concentration 
of total inorganic-N ranged from 4.0 mg/1 to 4.5 mg/1, while in the final biofilter, the 
concentration decreased from 7.1 mg/1 initially to 5.8 mg/1 by the end of the cycle 
(Figure 4.2d). Based on the difference between the mass of the total inorganic-N in 
the influent and final effluent, approximately 27% denitrification was achieved in the 
system. The system removed 3.5 mg total inorganic-N, or 14 mg per hour ofthe CD. 
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CD = 2.0 hours 
The extension ofthe cycle duration from 0.25 to 2 hours allowed enough time for the 
micro-organisms in the first biofilter to consume the residual oxygen remaining from 
the previous cycle. As a result, the DO in the first biofilter decreased from 
approximately 4 mg/1 immediately following the start of the new cycle, to below 1 
mg/1 within half an hour, and to below 0.5 mg/1 at the end ofthe cycle. In the 
effluent from the second biofilter, the DO averaged approximately 8 mg/1 throughout 
the cycle. The DO level in the effluent from the final aerobic biofilter was initially 
0.3 mg/1, increased to 4.0 mg/1 in the first half hour, then remained steady at 
approximately 4.5 mg/1 for the rest ofthe cycle (Figure 4.3a). 
As a result of the establishment of anaerobic/aerobic activity in the cyclic biofilters in 
the system, namely the first and third biofilters, the environmental conditions within 
the system became more favourable for achieving enhanced biological phosphorus 
activity. The P04-P activity for the two hour cycle is presented in Figure 4.3b. The 
concentration of P04-P in the feed averaged 8.7 mg/1. In the effluent from the first 
biofilter, as a result of P04-P release, the P04-P concentration increased from 3.1 to 
14.0 mg/1 by the end of the cycle. In the effluent from the second biofilter, the initial 
P04-P concentration was 8.0 mg/1, then dropped to 7.0 mg/1 by the end ofthe first 
hour, then increased to 8.0 mg/1 by the end of the cycle. In the effluent from the final 
biofilter, the concentration of phosphorus was 14.0 mg/1 initially then dropped 
steadily due to improved uptake activity to 3.5 mg/1 at the end of the cycle. 
The net P04-P removal in the system, based on the total mass difference between the 
influent and the mass discharged in the final effluent, was negligible. This could be 
attributed to the lack of withdrawal of phosphorus-rich biomass from the system. 
The overall P04-P uptake activity in the system during this cycle was approximately 
64 mg. The phosphorus uptake activity was calculated using the total of the absolute 
values of the areas between the phosphorus in the effluents from the first and third 
biofilters respectively. Divided by the CD, the unit P04-P uptake activity was 
approximately 32 mg per hour of the CD. 
Results 4-6 
The transformations ofTOC in the system are shown in Figure 4.3c. The feed TOC 
contained an average of approximately 50 mg/1. The establishment of anaerobic 
conditions in the first cyclic biofilter in the series prompted P04-P release, which, in 
turn, contributed to TOC removal in this biofilter. The TOC increased from initially 
4.4 mg/1 to 13.7 mg/1 in the first hour, then increased steadily to 18.0 mg/1 by the end 
of the cycle. The remaining TOC was removed in the constantly aerated biofilter, 
which discharged an effluent containing 3.9 to 4.9 mg/1 TOC. The TOC in the 
effluent from the third biofilter decreased from 18.1 mg/1 initially to 4.1 mg/1 by the 
end of the cycle. The system achieved 82% TOC removal, and removed 492 mg 
TOC or 246 mg per hour of the CD. 
The extension of the CD from 0.25 to two hours reduced the frequency of discharge 
of partially treated wastewater in the final effluent and improved the nitrification 
efficiency. Ammonia-N concentration in the effluent from the first biofilter was 
initially 1.0 mg/1 and increased steadily, reaching 6.0 mg/1 by the end of the cycle. In 
the effluent from the second constantly aerated biofilter, the ammonia-N 
concentration remained below 1 mg/1 throughout the cycle. In the effluent from the 
final biofilter, the ammonia-N concentration was initially 5.9 mg/1 and decreased 
with time to 1.0 mg/1 by the end of the cycle (Figure 4.4a). The system achieved 
56.7% nitrification and removed 62.4 mg ammonia-Nor 31.2 mg per hour of the CD. 
The nitrate-N concentration in the first biofilter was initially 1.5 mg/1 and dropped to 
a negligible value after one hour. In the second biofilter, the nitrate-N concentration 
was 3.4 mg/1 immediately after the start of the new cycle, and dropped to 2.4 mg/1 by 
the end of the cycle. The final effluent's nitrate-N concentration was initially 
negligible, then increased slowly to 1.3 mg/1 by the end of the cycle (Figure 4.4b ). 
The nitrite-N concentration in the system remained below 0.15 mg/1 (Figure 4.4c). 
The system achieved 50.3% denitrification during this cycle, and removed 44.2 mg 
total 
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inorganic-N or 22 mg total inorganic-N per hour of the CD. The total inorganic-N 
concentration in the first biofilter effluent was initially 2.6 mg/1 and increased to 6.0 
mg/1 by the end of the cycle. In the constantly aerated biofilter, the concentration of 
total inorganic-N was initially 4.3 mg/1 then dropped to 3.1 mg/1 by the end of the 
cycle. The total inorganic-N concentration in the final biofilter effluent was initially 
6.0 mg/1 and decreased to 2.6 mg/1 by the end of the cycle (Figure 4.4d). 
CD = 3.0 hours 
Increasing the cycle duration from two to three hours further extended the unaerated 
phase in the first biofilter. As a result, the DO level in the unaerated biofilter was 
sustained below 0.5 mg/1 following the transition period. The oxygen levels in the 
first biofilter dropped from 5.0 mg/1 at the start ofthe cycle to below approximately 
0.5 mg/1 in the first hour and remained low until the end of the cycle. The second 
biofilter effluent maintained a DO level in the range 8.4- 8.9 mg/1 during the cycle. 
In the effluent from the third biofilter, the DO increased from 0.4 mg/1 immediately 
after the switch to 4.0 mg/1 in the first halfhour, then increased slowly to 5.3 mg/1 at 
the end of the cycle as shown in Figure 4.5a. 
Compared with the two hour CD, the three hour cycle allowed further phosphorous 
release and uptake activities in the system. The P04-P concentration in the effluent 
of the first biofilter increased due to the release activity from 4.6 mg/1 to a maximum 
of 14.6 mg P04-P/L just before the end of the cycle. The effluent of the constantly 
aerated biofilter had 9.3 mg P04-PIL at the beginning ofthe cycle, then dropped to 
7.6 mg/1 after one hour then increased again to 9.33 mg P04-PIL just before the end 
of the cycle. The final effluent initially contained high P04-P concentration (15.5 
mg/1), which dropped to 4.9 mg/1 by the end of the cycle (Figure 4.5b ). The 
phosphorus uptake in the system reached approximately 114.7 mg or 38.2 mg P04-P 
per hour of the CD. 
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The establishment of extended anaerobic and aerobic conditions in the cyclic 
biofilters affected the transformations of TOC as shown in Figure 4.5c. The TOC in 
the effluent from the anaerobic biofilter was initially 4.4 mg/1 then gradually 
increased to 21.0 mg/1 by the end of the cycle. The effluent of the second biofilter 
maintained a TOC level in the range of 4.1 to 5.5 mg/1 throughout the cycle. In the 
final biofilter effluent, the TOC concentration gradually dropped from 20 mg/1 to 
approximately 3.9 mg/1 within one hour and remained low until the end of the cycle. 
The system achieved 83% TOC removal, most of which occurred in the first biofilter; 
the rest was removed in the second biofilter. The system removed 715 mg TOC at a 
rate of238.5 mg TOC per hour of the CD. 
Nitrification in the system occurred in the constantly aerated biofilter and reached 
approximately 64.5%. The system removed 34.6 mg ammania-N or 104 mg 
ammonia-N/hr (Figure 4.6a). In the effluent from the first biofilter, the initial 
ammania-N concentration was 0.8 mg/1 and increased steadily to 8.3 mg/1 by the end 
of the cycle as the residual nitrified effluent in the biofilter was being replaced slowly 
by feed wastewater. The ammania-N concentration in the effluent from the 
constantly aerated biofilter remained in the range of0.4-0.7 mg/1. The concentration 
of ammania-N in the final effluent decreased from 8.3 mg/1 initially, to below 1.0 
mg/1 after two hours of the cycle, and reached 0.8 mg ammonia-NIL by the end of the 
cycle. 
The nitrate-N concentration in the first biofilter effluent was initially 2.0 mg/1 and 
dropped to negligible values after one-and-a-halfhours. In the second biofilter, the 
nitrate-N concentration in the effluent was 5.7 mg/1 immediately after the start of the 
new cycle, then dropped to 3.5 mg/1 by the end of the first one-and-a-half hours then 
increased to 4.5 mg/1 by the end of the cycle. The final effluent nitrate-N 
concentration was initially negligible, then increased gradually to 2.0 mg/1 by the end 
of the cycle (Figure 4.6b). The nitrite-N concentration in the system remained at or 
below 0.15 mg/1 (Figure 4.6c). 
The system achieved 34% denitrification and removed 50.6 mg total inorganic-Nor 
17.0 mg total inorganic-N per hour of the CD. In the effluent from the first biofilter, 
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the total inorganic-N concentration was initially 2.8 mg/1 and increased to 8.3 mg/1 by 
the end of the cycle. In the effluent from the second biofilter, the concentration of 
total inorganic-N was initially 6.5 mg/1, then dropped to 4.2 mg/1 by the end of the 
first one-and-a-half hours and reached 5.2 mg/1 by the end of the cycle. The total 
inorganic-N concentration in the final effluent was initially 8.3 mg/1, then decreased 
to 2.6 mg/1 after two hours, and remained below 2.6 mg/1 until the end of the cycle 
(Figure 4.6d). 
CD = 6.0 hours 
The trends observed during the 0.25, 2, and 3 hours were extended during the six 
hours cycle. The DO in the effluent from the first biofilter, decreased to below 0.5 
mg/1 in the first four hours of the 6 hours CD. The constantly aerated biofilter 
remained nearly saturated with 8.1-8.6 mg/1 DO. The effluent from the third biofilter 
also became aerobic after half-an-hour, with the DO reaching approximately 6.3 mg/1 
at the end of the cycle (Figure 4.7a). 
The phosphorus release activity lasted almost from the start to the end of the cycle. 
Phosphorus release increased the concentration ofP04-P in the effluent from the first 
biofilter from 4.8 mg/1 initially to 17.3 mg/1 at the end of the cycle. In the constantly 
aerated biofilter, the response was shaped mostly by the hydraulic characteristics of 
the system, where the effluent P04-P concentration was initially 16.1 mg/1, dropped 
to 12.7 mg/1 by the end of the first hour, then increased to 16.0 mg/1 by the end of the 
cycle. The final effluent P04-P concentration decreased gradually due to phosphorus 
uptake from an initial concentration of 17.4 mg/1 to 4.8 mg/1 by the end of the cycle. 
The uptake activity was approximately 325.8 mg P04-P or 54.3 mg P04-P per hour 
ofthe CD (Figure 4.7b). 
The extension of the cycle duration to six hours reduced the overall fraction of the 
partially treated feed wastewater discharged in the final effluent. This improved the 
average performance of the system in terms of TOC removal. The TOC in the first 
biofilter effluent increased to a concentration of 21.4 mg/1. In the constantly aerated 
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biofilter, the TOC concentration averaged 4.5 mg/1 throughout the cycle. In the final 
effluent, the TOC dropped from an initial value of21.0 mg/1 to 7.0 mg/1 after one 
hour, then continued to decline slowly until it reached approximately 2.8 mg/1 at the 
end of the cycle (Figure 4.7c). The system achieved 87.3% TOC removal, and 
1391.6 mg TOC was removed at an average rate of232 mg TOC/hr. 
As with the previous CDs, nitrification in the system was mostly achieved in the 
middle biofilter. As a result, the concentration of ammonia in the first and third 
biofilters reflected the hydraulic characteristics of the system. The ammonia-N 
concentration in the first biofilter effluent increased from 0.5 mg/1 (Figure 4.8a) to 
9.2 mg/1 by the end of the cycle. The effluent from the constantly aerated biofilter 
contained approximately 0.6 mg/1 ammonia-N. The concentration of ammonia-N in 
the third biofilter effluent was 9.3 mg/1 initially, then dropped to 0.5 mg/1 at the end 
of the cycle. The system achieved 73.3% nitrification, and a total of 248 mg 
ammonia-N was oxidised at an average rate of 41.3 mg per hour of the CD. 
The concentration of nitrate-N in the system reflected the nitrification and 
denitrification activities in addition to the hydraulic characteristics of the system. In 
the effluent from the first biofilter, the nitrate-N concentration was 2.5 mg/1 initially 
and declined to below 0.5 mg/1 after one hour. In the second biofilter effluent, the 
nitrate-N concentration was initially 7.7 mg/1, then dropped to 4.9 mg/1 after two 
hours, and increased slowly until it reached 6.8 mg/1 at the end of the cycle. In the 
effluent of the third biofilter, the concentration of nitrate-N increased to 2.5 mg/1 
after two hours and remained at approximately 2.6 mg/1 for the remainder of the 
cycle (Figure 4.8b). The nitrite-N concentration was unexpectedly high in the 
effluent from the second biofilter, starting at 1.5 mg/1 then dropping to 0.3 mg/1 in the 
first hour, then increasing steadily to 1.1 mg/1 by the end of the cycle (Figure 4.8c). 
In the effluents from the other biofilters, nitrite-N concentration remained below 0.4 
mg/1. 
In the first biofilter, the concentration of the total inorganic-N increased from 
approximately 3 mg/1 to 9.2 mg/1 by the end of the cycle. The total inorganic-N 
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concentration in the effluent from the aerated biofilter was initially 9.8 mg/1, then 
dropped to 5.8 mg/1 after two hours, then increased slowly to 8.8 mg/1 by the end of 
the cycle. The concentration of total inorganic-N in the final effluent indicated that 
denitrification was sustained in the third biofilter following the transition period. 
The total inorganic-N decreased to below 4 mg/1 during the transition and remained 
at a concentration of approximately 3 mg/1 until the end ofthe cycle. The overall 
denitrification efficiency was approximately 53.4% for this cycle and the system was 
able to remove 181.3 mg total inorganic-N at a rate of 30.2 mg per hour of CD 
(Figure 4.8d). 
CD = 12.0 hours 
The performance of the biofilter system during the 12 hours CD was similar to the 
performance during the six hours CD. The only exception was that phosphorus 
release and uptake activities started to decline towards the end of the cycle (Figure 
4.9b ). This decline reflected the start of saturation and depletion of the phosphorus 
reserves in the two cyclic biofilters. The data in Figure 4.9a indicate that the DO 
levels remained low, below approximately 0.5 mg/1 for ten of the 12 hours in the first 
biofilter effluent. The third biofilter operated under aerobic conditions with the DO 
levels maintained at approximately 6 mg/1 for ten hours of the CD. 
Following the start of the new cycle, the P04-P concentration in the first biofilter 
increased, reaching 17.9 mg/1, then declined slowly to 17.0 mg/1. In the constantly 
aerated biofilter, the concentration ofP04-P was initially 15.8 mg/1, then dropped to 
11.7 mg/1 after two hours, then increased to 15.3 mg/1 by the end of the cycle. The 
final effluent P04-P concentration decreased steadily from an initial concentration of 
17.5 mg/1 to 4.4 mg/1 within eight hours, after which the uptake activity started to 
decline, increasing the P04-P concentration in the final effluent to 6.9 mg/1 at the end 
of the cycle (Figure 4.9b). The P04-P uptake activity in the system during this CD 
was 732.3 mg P04-P at a rate of 61.0 mg P04-P per hour of the CD. Significmt 
TOC removal accompanied the phosphorus release activity in the first biofilter, 
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where the TOC level was reduced from approximately 4 7.4 mg/1 in the feed to 
approximately 21.5 mg/1 in the effluent. The rest ofthe TOC removal occurred in the 
second biofilter (Figure 4.9c), with the TOC in the effluent from this biofilter 
averaging approximately 5.0 mg/1 throughout the whole cycle. Little TOC removal 
occurred in the third biofilter, with the final effluent TOC remaining below 5 mg/1 
following the transition period. The system achieved 90.8% TOC removal, and the 
system was able to remove a total TOC of3090 mg or 257.5 mg TOC per hour ofthe 
CD. 
Following the transition period, ammonia-N oxidation took place mainly in the 
second biofilter, where ammonia-N level was reduced from 9.0 mg/1 in the influent to 
less than 1 mg/1 in the effluent. The concentration of ammonia-N in the final effluent 
declined from 9 mg/1 at the start of the transition phase to below 1 mg/1 following the 
transition. The system achieved 79% nitrification, and removed 455 mg ammonia-N 
at a rate of37.9 mg per hour of the CD (Figure 4.10a). 
In the first biofilter effluent, the nitrate-N concentration was 4.8 mg/1 initially and 
declined to 0.2 mg/1 after four hours, reaching negligible values for the rest of the 
cycle. In the second biofilter, nitrate-N concentration was initially 8.0 mg/1, dropped 
to 5.7 mg/1 after the first two hours, then increased to 8.5 mg/1 at the end of the cycle. 
In the effluent from the third biofilter, ammonia-N concentration dropped to 4.7 mg/1 
at the end ofthe cycle (Figure 4.10b). 
The nitrite-N concentration in the anaerobic biofilter effluent exhibited a peak value 
of 0.5 mg/1 after one hour, then decreased to negligible values for the rest of the 
cycle. Nitrite-N concentration also peaked at 0.7 mg/1 in the final effluent and 
declined to negligible values during the final six hours of the cycle (Figure 4.1 Oc ). 
The system achieved 40.5% denitrification and removed 254.4 mg total inorganic 
nitrogen-Nat an average rate of21.2 mg/hr. 
The total inorganic-N in the first biofilter effluent was initially 5.6 mg/1 and increased 
steadily to 8.9 mg/1 at the end of the cycle. The aerated biofilter effluent total 
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inorganic-N concentration in the second biofilter effluent was initially 8.9 mg/1, then 
dropped to 6.3 mg/1 after the first two hours, then increased slowly to 9.0 mg/1 by the 
end of the cycle. Denitrification in the system occurred mostly in the third biofilter. 
For example, during the final six hours of the cycle, the total inorganic-N was 
reduced in the final biofilter from approximately 8-9 mg/1 to 3-5 mg/1 (Figure 4.1 Od). 
The total nitrogen-N in the final effluent was initially 9. 0 mg/1, then dropped to 3.1 
mg/1 by the end of the sixth hour, then increased to 4.9 mg/1 at the end of the cycle. 
CD = 24.0 hours 
The start of phosphorus saturation and depletion that were observed during the final 
hours of the 12 hour CD continued during this cycle. By the end of the cycle, the 
system reached nearly complete phosphorus depletion in the first biofilter, and 
complete saturation in the third biofilter. The first biofilter effluent maintained a low 
DO, below 0.5 mg/1 for over 20 hours ofthe 24 hours ofthe cycle. Similarly, the 
third biofilter effluent maintained DO levels above 5 mg/1 for more than 20 hours 
(Figure 4.11a). 
In the first biofilter effluent, the P04-P initial concentration was 9.5 mg/1, which 
increased with time until it reached 18.1 mg/1 after six hours. The P04-P 
concentration then started to decline, and the concentration ofP04-P reached 11.5 
mg/1 at the end of the cycle. The released phosphorus passed through the second 
biofilter, where some P04-P uptake could have occurred. The P04-P concentration 
in the final effluent decreased from an initial concentration of 11.5 mg/1 to 2.1 mg/1 at 
the end of the sixth hour after which the uptake activity started to decline rapidly and 
P04-P concentration increased in the final effluent to 9.1 mg/1 at the end ofthe cycle 
(Figure 4.11b). The P04-P mass uptaken in the system during this cycle was 1082 
mg at an average rate of 45 mg per hour of the CD. 
The removal of TOC in the first biofilter appeared to decline as the phosphorus 
release activity declined. The TOC in the effluent from the first biofilter increased, 
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from an initial value of 2.4 mg/1 to 21.7 mg/1 after six hours, then increased slowly to 
32.0 mg/1 by the end of the cycle. The remaining TOC removal occurred in the 
constantly aerated biofilter, with the TOC concentration in the effluent averaging 
approximately 6.0 mg/1 throughout the rest of the cycle. Little TOC was discharged 
in the final effluent from the third biofilter. The system achieved 88% TOC removal, 
and removed 6146 mg TOC at a rate of256 mg per hour of the CD (Figure 4.11c). 
The discharge of un-oxidised ammonia-N generally decreased as the CD increased, 
mainly because the transition period occupied a shorter fraction of the cycle duration. 
As with the previous cycles, ammonia-N oxidation occurred in the middle biofilter, 
which reduced the ammonia-N levels from approximately 9 mg/1 to below 2 mg/1. 
Low concentrations of ammonia-N were discharged in the final effluent following the 
transition period. The system achieved 85% nitrification, and removed 858 mg 
ammonia-Nat a rate of35.7 mg per hour of the CD. 
The nitrate-N concentration in the effluent from the first biofilter declined during the 
transition period from 7.1 mg/1 to negligible values during the rest of the cycle. In 
the second biofilter effluent, the nitrate-N concentration was initially 7.8 mg/1, then 
dropped to 6.2 mg/1 in the first two hours, then started to increase until it reached a 
steady average of 8.1 mg/1 after 16 hours. In the final effluent, the concentration of 
nitrate-N was initially negligible and reached 7.1 mg/1 by the end of the cycle (Figure 
4.12b ). The nitrite-N concentration peaked in the anaerobic biofilter effluent at 0.8 
mg/1 after one hour (Figure 4.12c). The concentration ofnitrite-N was below 0.2 
mg/1 in the effluent from the other biofilters. 
The data presented in Figure 4.12d indicate that significant denitrification occurred in 
the third biofilter as indicated by the difference between the total inorganic-N 
between the influent and the effluent to this biofilter. The denitrification efficiency 
continued to decline steadily from the fourth hour until the end of the cycle. The lack 
of external TOC supplies to this biofilter suggests that the carbon source for 
denitrification was provided by the biomass internal carbon reserves. The system 
achieved 20.7% denitrification and removed 274 mg total inorganic-Nat an average 
rate of 11.4 mg per hour of the CD. 
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CD = 48.0 hours 
Increasing the CD from 24 to 48 hours confirmed the phosphorus depletion and 
saturation activities observed during the 24 hour cycle. The phosphorus release 
activity in the first biofilter and the uptake activity in the third biofilter started to 
decline after approximately eight hours then virtually stopped after 30 hours. 
Compared with the 24 hour CD, the level of phosphorus release and uptake activities 
was lower, with the maximum concentration ofP04-P in the first biofilter effluent 
reaching approximately 13 mg/1. Similarly, the minimum concentration ofP04-P in 
the final effluent remained above approximately 5 mg/1 (Figure 4.13b). The P04-P 
uptake reached 763.7 mg P04-P at an average of approximately 15.9 mg P04-P/hr. 
The TOC removal results observed in the first biofilter during the 12, 24 and 48 hour 
CDs indicate that the phosphorus release and TOC removal activities were directly 
linked. For example, the TOC removal in the biofilter declined as the phosphorus 
release activity declined. By the end of the 48 hour cycle, the TOC removal in the 
first biofilter nearly stopped when the phosphorus release activity stopped. As a 
result, the TOC level in the effluent from this biofilter increased reaching the TOC in 
the influent, approximately 48 mg/1 (Figure 4.13c ). The residual TOC from the first 
biofilter was removed in the second biofilter and the system achieved 90% TOC 
removal, and 12683 mg TOC was removed, at a rate of approximately 264 mg per 
hour of the CD. 
As with the previous CDs, the ammonia-N oxidation activity was sustained 
throughout the cycle, with low arnmonia-N discharged in the final effluent following 
the transition phase (Figure 4.14a). The system achieved 96.8% nitrification and 
removed 2558 mg ammonia-Nor 53.3 mg per hour of the CD. 
The level of nitrate-N in the final effluent increased rapidly following the transition 
period, then increased slowly from the 20th hour until the end of the cycle. By the 
end of the CD, the levels ofnitrate-N in the influent and effluent of the third biofilter 
became identical indicating that denitrification in the biofilter virtually stopped at the 
end of the cycle (Figure 4.14b ). The nitrite-N levels peaked in the effluents from the 
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two cyclic biofilters during the transition period, with the maximum measured nitrite-
N concentration in the system reaching approximately 0.7 mg/1 (Figure 4.14c). 
Denitrification in the third biofilter appeared to be coupled with the phosphorus 
uptake activity. Both activities simultaneously declined as the cycle progressed 
beyond three hours. The minimum level of total inorganic-N discharged in the 
effluent was approximately 2 mg/1 and was achieved after six hours. The 
denitrification activity declined during the remaining duration of the cycle and 
virtually stopped during the final ten hours of the cycle (Figure 4.14d). 
Denitrification in the system increased to 32% during this CD. The system removed 
887 mg total inorganic-Nor 18.5 mg total inorganic-N/hr. 
CD = 72.0 hours 
During the extended 72 hour CD, the first biofilter operated under anaerobic 
conditions and the third biofilter maintained aerobic conditions. The DO in the 
effluent from the first biofilter dropped from an initial value of7.8 mg/1 to 0.3 mg/1 
by the end of the cycle. The DO in the effluent from the second biofilter averaged 
8.3 mg/1 throughout the cycle. In the effluent from the third biofilter, the DO was 
initially 0.3 mg/1 which increased to 7.4 mg/1, at the end of the cycle (Figure 4.15a). 
The performance of the system during this cycle was similar to its performance 
during the previous 48 hour CD. The phosphorus release and uptake activities 
started to decline after nine hours and virtually stopped after 33 hours. For the 
remaining time of the cycle, the phosphorus release and uptake activities were weak 
or non existent. The total phosphorus uptake amounted to approximately 517.0 mg 
at a rate of approximately 4.3 mg P04-P per hour of the CD (Figure 4.15b). 
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The TOC removal in the first biofilter also declined as the phosphorus release 
activity in the biofilter declined. As a result, little TOC was removed in the first 
biofilter after approximately 24 hours. Most of the TOC in the feed was removed in 
the aerated biofilter, which also achieved efficient nitrification. Little TOC, below 5 
mg/1, was discharged in the final effluent (Figure 4.15c). The system achieved 
approximately 93% TOC removal and removed 19661.4 mg TOC at an average rate 
of273 mg/hr. 
Ammonia-N oxidation was efficient following the transition period (Figure 4.16a). 
The system achieved approximately 96.8% nitrification, and removed approximately 
3428 mg arnmonia-N at a rate of approximately 47.6 mg ammonia-N/hr of the CD. 
Similar to the trends observed during the 24 and 48 hours, denitrification in the 
system occurred mainly in the third biofilter during the first 33 hours, then virtually 
stopped. The observed decline in the denitrification activity, which started after three 
hours, appeared to be coupled with the phosphorus uptake activity, which 
simultaneously declined and virtually stopped after 33 hours. The lack of external 
TOC supplies to the third biofilter suggested that both denitrification and phosphorus 
uptake were supplied from the internal carbon reserves ofthe biomass (Figure 4.16d). 
The system achieved approximately 9.0% denitrification and removed approximately 
320 mg total inorganic-N at a rate of approximately 4.4 mg total inorganic-N/hr of 
the CD. 
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4.2 The 200 mllmin flow rate experiments 
During the second phase of the study, the flow rate was increased to 200 ml/min in 
order to increase the organic loading rate, reduce the empty bed residence time to 
approximately 1.5 hours, and to study the top end of the CDs. The objective of this 
phase was to investigate whether the nutrient transformations were influenced by the 
biofiltration rate and to confirm the observations of phase one. The results confirmed 
the effect of the availability of oxygen as having a major role in the performance of 
the biofilter system. The extension of the CD to 120 hours resulted in the 
establishment of very long anaerobic/aerobic periods in the first and third biofilters 
respectively, a situation that does not favour the selection of phosphorus-removing 
biomass. 
The occurrence of saturation/depletion of the phosphorus reservoir was noted after 
the 12 hour CD. The saturation/depletion reflected the need for extracting the 
phosphorus from the phosphorus-rich biomass through backwashing. As for the 
effect of CD on the performance of the system, the longer CDs reduced the 
release/uptake activities in the first and third biofilters respectively, while the 
phosphorus release activity in the first biofilter deteriorated during the longest CDs. 
Denitrification and phosphorus uptake did not appear to be related during this phase 
ofthe study. 
The results of the 200 mllmin experiments where the CDs tested were 0.5, 3, 4, 9, 
12,15, 24, 48, and 120 hours respectively are presented in the sections below. 
CD = 0.5 hours 
All three biofilters remained aerobic during this cycle as the biomass was re-aerated 
before the residual oxygen was consumed. In the first biofilter effluent, the residual 
DO from the previous cycle was 6.3 mg/1 and dropped to 2.9 mg/1 by the end of the 
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cycle. In the second biofilter, the DO averaged 7.6 mg/1 throughout the cycle, as 
shown in Figure 4.17a. The DO in the third biofilter effluent increased from 4.5 mg/1 
to 6.6 mg/1 at the end of the cycle. 
The fact that the system remained aerobic did not encourage biological phosphorus 
activity. The data for this short CD show a lack of sustained P04-P release activity in 
the system. The concentration of phosphorus in the first biofilter effluent was 8.5 
mg/1 at the start of the cycle and reached 8.1 mg/1 at the end ofthe cycle. The 
concentration of P04-P in the second biofilter decreased from 9.1 mg/1 at the start to 
8 mg/1 at the end ofthe cycle (Figure 4.17b). The P04-P concentration in the final 
effluent was 9.9 mg/1 at the beginning of the cycle and reached 8.3 mg/1 at the end of 
the cycle. The variations in the release and uptake data did not indicate active P04-P 
release or P04-P luxury uptake. 
The transformations of the TOC in the system are shown in Figure 4.17c. The TOC 
in the first biofilter effluent increased from approximately 2.5 mg/1 at the start of the 
cycle to 21.5 mg/1 at the end of the cycle. The remaining TOC was removed in the 
constantly aerated biofilter. The TOC in the second biofilter effluent remained below 
5 mg/1 throughout the cycle. The TOC concentration in the final effluent was 
initially 18.6 mg/1 and dropped to 1.3 mg/1 at the end ofthe cycle. The system 
achieved 91.3% TOC removal, and the overall TOC mass removed in the system was 
271.6 mg at a rate of 543.2 mg per hour ofthe CD. Since the phosphorus activity 
was negligible, and no significant denitrification occurred in the system during this 
cycle, the observed TOC removal was achieved mostly due to aerobic activity. 
The system achieved 76.1% nitrification and removed 39.8 mg ammonia-Nat a rate 
of 79.6 mg per hour ofthe CD. The concentration of ammonia-N in the first biofilter 
effluent increased from 1.2 mg/1 at the start of the cycle to 3.1 mg/1 at the end of the 
cycle. The ammonia-N concentration in the second aerated biofilter effluent was 
initially 0.8 mg/1, then dropped to undetectable levels at the end ofthe cycle. The 
concentration of ammonia-N in the final effluent was initially 2.2 mg/1 and decreased 
to 1.6 mg/1 by end of the cycle. The data indicate that some nitrification was also 
achieved m the third biofilter (Figure 4.18a). 
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In the first biofilter effluent, the nitrate-N decreased from 5.1 mg/1 at the beginning of 
the cycle to 1.7 mg/1 at the end of the cycle. Nitrate-N concentration in the final 
effluent increased from 2.5 mg/1 to 5.2 mg/1 at the end of the cycle. In the aerated 
biofilter effluent, the nitrate-N concentration was 7.6 mg/1 initially and dropped to 
6.3 mg/1 at the end of the cycle (Figure 4.18b). 
Nitrite-N concentration in the final biofilter effluent was significantly high at 0.8 
mg/1, then increased to 1.5 mg/1, then decreased to 0.9 mg/1 by the end of the cycle. 
In the effluents from the other biofilters, the nitrite-N concentration remained below 
0.5 mg/1 (Figure 4.18c). 
The system achieved approximately 14.8% denitrification and removed 7.6 mg total 
inorganic-N at 15.3 mg per hour of the CD. The total inorganic-N in the final 
effluent was initially 8.4 mg/1, then dropped to 6.6 mg/1, then increased gradually to 
7. 7 mg/1 by the end of the cycle. The total inorganic-N concentration in the second 
biofilter effluent was initially 7.0 mg/1, then increased slowly to 8.8 mg/1 by the end 
of the cycle. 
CD = 3.0 hours 
The length of this cycle was six times that of the previous cycle (namely the 0.5 hour 
CD). This provided an extended time for the consumption of the residual oxygen 
remaining in the first biofilter from the previous cycle (Figure 4.19a). The oxygen 
levels in the first biofilter dropped from 5.8 mg/1 at the start of the cycle to 0.3 mg/1 
after one hour and remained low thereafter. The DO in the third biofilter increased 
from 0.6 mg/1 immediately after the switch to 6.4 mg/1 two hours later. 
Limited phosphorus release occurred in the first biofilter as a result of the 
establishment of a short period of anaerobic activity (Figure 4.19b ). The P04-P was 
released in the effluent of the first biofilter, and the concentration increased from 6.9 
mg/1 initially to 10.0 mg/ljust before the end ofthe cycle. In the second biofilter, the 
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concentration of P04-P remained in the range of9.5-10 mg/1 throughout the cycle. 
Some P04-P uptake occurred in the third biofilter, where the concentration ofP04-P 
in the effluent was initially 10.2 mg/1, then decreased steadily to 6.7 mg/1 at the end 
of the CD. The uptake activity in the system reached approximately 36.5 mg at a rate 
of 12.1 mg per hour of the CD. 
The transformations of TOC are shown in Figure 4.19c. The TOC removal mostly 
occurred in the first biofilter, where the effluent initially contained 4.1 mg/1 TOC, 
which increased to approximately 20 mg/1 in one hour and reached 23.5 mg/1 at the 
end of the cycle. The TOC removal in the first biofilter can be attributed, at least in 
part, to the P04-P release activity. The remaining TOC was removed in the second 
biofilter, which maintained a TOC level in the effluent below 5 mg/1. In the effluent 
from the third aerobic biofilter, the residual TOC from the previous cycle was 
initially 23.2 mg/1, which dropped in the first hour to 4.5 mg/1 and remained low until 
the end of the cycle. The TOC removal in the system reached 84.4%. The system 
removed 1499 mg ofTOC or 499.5 mg per hour of the CD. 
The system achieved 75.1% nitrification and oxidised 233.48 mg ammonia-Nat a 
rate of 78 mg per hour of the CD. The ammonia-N in the effluent from the first 
biofilter was initially 0.3 mg/1 and reached 8.4 mg/1 at the end of the cycle. 
Nitrification remained active in the second biofilter, where the ammonia-N 
concentration in the effluent did not exceed 1 mg/1 throughout the cycle. The 
concentration of ammonia-N in the final effluent was initially 8.2 mg/1 and dropped 
to negligible values following the transition period and until the end of the cycle 
(Figure 4. 20a). 
The oxidised ammonia was converted mainly to nitrate-N. The concentration of 
nitrate-N in the effluent from the first biofilter was initially 7.4 mg/1 and dropped to 
undetectable concentrations after the first hour and until the end of the cycle (Figure 
4.20b). The nitrate- N concentration in the second biofilter effluent dropped from 7.5 
mg/1 to 7.1 mg/1 in one hour, then increased to 7.7 mg/1 at the end ofthe cycle. In the 
final effluent, the nitrate-N concentration was undetectable immediately after the 
switch and increased to 7.6 mg/1 at the end of the cycle. The nitrite-N concentration 
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reached a maximum of 0.1 mg/1 in the first biofilter effluent, 0.2 mg/1 in the final 
effluent, and 0.28 mg/1 in the second biofilter effluent (Figure 4.20c). 
Some denitrification was observed in the system during the three hour CD. The 
effluent from the first biofilter had an initial total inorganic-N concentration of7.5 
mg/1, which increased to 8.3 mg/1 at the end of the cycle. The total inorganic-N 
concentration in the effluent from the second biofilter was initially 7.8 mg/1, then 
increased to 8.8 mg/1 at the end of the cycle. The final effluent total inorganic-N 
concentration was initially 8.4 mg/1 then dropped to 6.6 mg/1 after one hour, then 
increased to 7.4 mg/1 by the end ofthe cycle (Figure 4.20d). The system achieved 
14.7% denitrification, and removed 45.9 mg total inorganic-Nat a rate of 15.2 mg 
per hour of the CD. 
CD = 4.0 hours 
The four hour CD allowed the development of anaerobic conditions, which lasted for 
most of the CD. The residual oxygen in the first biofilter dropped from 7.6 mg/1 to 
less than 0.5 mg/1 within one hour. The third biofilter became aerobic, and DO 
increased from less than 0.5 mg/1 to 7 mg/1 in one hour and reached 7.8 mg/1 at the 
end of the cycle. In the second biofilter, the DO remained relatively steady at 8.7 
mg/1 (Figure 4.21a). 
During this cycle, the system operated below its full phosphorous uptake and release 
capacities as no depletion or saturation effects were observed. The P04-P uptake in 
the system reached 75.9 mg at a rate of 19 mg per hour of the CD. Weak phosphorus 
activity was observed in the system. The phosphorus release increased the P04-P 
concentration from 7.8 mg/1 at the start of the cycle to 10.2 mg/1 at the end of the 
cycle. The P04-P concentration in the final effluent decreased with time from 10.1 
mg/1 to 7.3 mg/1 at the end of the cycle. The concentration ofP04-P in the constantly 
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aerated biofilter decreased from 10.1 mg/1 at the start to 8.9 at the end ofthe cycle 
(Figure 4.21b). 
Most of the influent TOC was removed in the first biofilter, where the TOC in the 
effluent increased from less than 1 mg/1 at the start ofthe cycle to 15.6 mg/1 at the 
end of the cycle. The remaining TOC was removed in the constantly aerated 
biofilter. Little TOC was discharged in the final effluent after one hour. The TOC 
removal in the system reached 90%, and the net mass removed was 3248.7 mg TOC 
at a rate of 812.1 mg per hour of the CD. 
The extension of the CD from three to four hours reduced the overall fraction of the 
partially treated feed wastewater typically discharged in the final effluent during the 
transition period. As a result, the overall nitrification efficiency in the system 
improved. The system achieved 78.4% nitrification and removed 327.2 mg 
ammonia-N at a rate of 81.8 mg per hour of the CD. Most of the ammonia oxidation 
activity occurred in the second biofilter and little nitrification occurred in the cyclic 
biofilters. The water quality in the effluent from the two cyclic biofilters mainly 
reflected the hydraulic characteristics of the system. 
The concentration ofnitrate-N in the first biofilter effluent decreased from 6.1 mg/1 at 
the beginning of the cycle to undetectable values for the rest of the cycle. Nitrate- N 
concentration in the final effluent increased from 0.6 mg/1 initially to 5.8 mg/1 at the 
end of the cycle. The nitrate-N concentration in the aerated biofilter was 6.6 mg/1 
initially and decreased reaching 6.1 mg/1 at the end of the cycle (Figure 4.22b). The 
concentration of nitrite-N remained low in the system. The maximum measured 
concentration ofnitrite-N in the system was approximately 0.3 mg/1 (Figure 4.22c). 
The system achieved some denitrification. The total inorganic-N in the first biofilter 
was initially 6.3 mg/1 and increased to 8.7 mg/1 at the end of the cycle (Figure 4.22d). 
The total inorganic-N in the final effluent was initially 8.8 mg/1 irnn1ediately after the 
switch, dropped to 5.9 mg/1, then increased gradually to 7.1 mg/1 by the third hour 
until the end of the cycle. The second biofilter effluent total inorganic-N 
concentration was initially 7.0 mg/1, then dropped to 6.6 mg/1 by the end of the cycle. 
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CD = 9.0 hours 
The phosphorus activity in the system during this cycle was sustained, but remained 
weak. The first biofilter established anaerobic activity, and the phosphorus release 
activity increased the concentration ofP04-P from 8.6 mg/1 initially to 9.9 mg/1 at the 
end of the cycle. The final effluent P04-P concentration decreased steadily from an 
initial concentration of 9.5 mg/1 to 8.6 mg/1 in the first hour ofthe cycle and reached 
6.1 mg/1 by the end of the cycle (Figure 4.23b ). The phosphorus uptake in the system 
was 278.6 mg P04-P at a rate of31.0 mg P04-P per hour of the CD. 
The TOC removal trends were similar for all CDs. After the switch to a new cycle, 
the TOC in the first biofilter effluent increased, reaching 27 mg/1 at the end of the 
cycle (Figure 4.23c ). The TOC discharged from the first biofilter was removed in the 
second biofilter, which maintained a TOC concentration in the effluent below 5 mg/1. 
The system removed 4877.6 mg TOC at a rate of542 mglhr of the CD and achieved 
91% TOC removal. 
The system achieved 88.7% nitrification, mostly in the second biofilter, and removed 
735 mg ammania-N at a rate of 81.6 mg per hour of the CD. The concentration of 
ammania-N (Figure 4.24a) in the effluent from the first biofilter was initially 0.3 
mg/1 and increased to 8.6 mg/1 by the end of the cycle. 
While the concentration ofnitrate-N was 8.5 mg/1 and reached negligible values after 
three hours, the concentration of ammania-N in the second biofilter effluent 
remained below 0.5 mg/1. The concentration of ammania-N in the final effluent 
started at 8.6 mg/1 then dropped to negligible values, indicating that ammania-N 
oxidation was completed in the third biofilter. In the effluent of the third biofilter, 
the concentration of nitrate-N was initially negligible, then increased to 8.2 mg/1 in 
five hours and remained constant until the end of the cycle (Figure 4.24b ). The 
nitrite-N concentration in the system remained below 0.3 mg/1 (Figure 4.24c). The 
denitrification in the system was weak during this cycle. Based on the difference 
between the total inorganic-N in the influent and final effluent, the system 
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achieved 8.6% denitrification and removed 80.3 mg total inorganic-Nat a rate of 8.9 
mg per hour of the CD. The total inorganic-N was in the range of7-9 mg/1 in all 
biofilters. 
CD = 12.0 hours 
For the 12 hour CD, anaerobic conditions in the first biofilter became established 
within the first hour with the DO dropping from an initial value of 5.8 mg/1 to 0.3 
mg/1. The second biofilter DO averaged 8.3 mg/1 throughout the cycle, and the DO 
in the final effluent was initially 0.8 mg/1 and increased to 6.9 mg/1 at the end of the 
cycle (Figure 4.25a). 
The phosphorus release and uptake activities remained low during this cycle. The 
release increased the P04-P concentration to a maximum of9.7 mg/1, and the uptake 
activity decreased the P04- P concentration to a minimum of 7.1 mg/1. The P04-P 
concentration in the final effluent decreased from 10.0 mg/1 to 7.1 mg/1 during the 
first four hours, after which the uptake activity started to decline, and P04-P 
concentration started to increase in the final effluent reaching 8.7 mg/1 at the end of 
the cycle (Figure 4.25b). The P04-P uptake was 195.87 mg at a rate of 16.3 mg per 
hour of the CD. 
As in the previous cycles, the TOC removal occurred in the first and second 
biofilters. The TOC discharged in the final effluent was sustained below 3 mg/1 
following the transition period (Figure 4.25c ). The oxidation of ammonia-N (Figure 
4.26a) also followed the same predicted trends observed during the other cycles. 
Nitrification in the system reached 84.5%. The system removed 968.2 mg ammania-
N at a rate of 80.6 mg per hour of the CD. 
The variations of the measured nitrate-N concentration reflected the nitrification 
activity. The concentration of nitrate-N in the first biofilter effluent was 7.9 mg/1 
initially and declined to negligible values after the first hour. In the second biofilter, 
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the nitrate-N concentration was initially 7.2 mg/1, then increased gradually reaching 
7. 7 mg/1 at the end of the cycle. .In the third biofilter effluent, the concentration of 
nitrate-N was initially negligible, then increased rapidly to 7.5 mg/1 within two hours, 
then increased slowly until the concentration ofnitrate-N reached 8.1 mg/1 by end of 
the cycle (Figure 4.26b). The nitrite-N concentration in the system remained below 
0.3 mg/1 (Figure 4.26c ). 
The system removed 81.8 mg total inorganic-Nat a rate of 6.8 mg per hour of the 
CD. While most of this activity occurred in the third biofilter, some denitrification 
occurred in the first biofilter. The overall denitrification efficiency was 7.8% for this 
cycle. The total inorganic-N in the first biofilter effluent was 8.0 mg/1, then increased 
to 8.5 mg/1, after two hours until it reached 8.8 mg/1 at the end of the cycle (Figure 
4.26d). The total inorganic-N concentration in the second biofilter effluent was 
initially 8.9 mg/1, dropped to 7.3 mg/1 after one hour, then increased back to 8.9 mg/1 
by the end of the cycle. The total inorganic-N in the third biofilter effluent was 
initially 8.8 mg/1, then dropped to 7.5 mg/1 after one hour, then increased gradually to 
8.1 mg/1 by the end ofthe cycle. 
CD = 15.0 hours 
The oxygen levels in the first biofilter effluent dropped to below 0.5 mg/1, and the 
DO level in the third biofilter increased, reaching 6.6 mg/1 at the end of the cycle 
(Figure 4.27a). The phosphorus saturation and depletion trends were totally 
established during this cycle. The phosphorus release increased the P04-P 
concentration to a maximum of approximately 10.6 mg/1 in six hours in the effluent 
from the first biofilter. The phosphorus uptake reduced the P04-P levels to a 
minimum of 6 mg/1 in the final effluent. The phosphorus uptake and release 
activities were limited at the end of the cycle due to saturation and depletion (Figure 
4.27b). The P04-P uptake was 589 mg at a rate of37.2 mg per hour of the CD. 
The maximum TOC discharged from the first biofilter following the transition period 
was approximately 27.6 mg/1. The TOC discharged from the first biofilter was 
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removed in the second biofilter, which discharged an effluent with a TOC level 
below 5 mg/1 throughout the cycle. Little TOC, below 5 mg/1, was discharged in the 
final effluent following the transition period (Figure 4.27c). The system achieved 
94.8% TOC removal and was able to remove a net TOC of 8296.2 mg at a rate of 
553 mg per hour of the CD. 
The ammania-N concentration (Figure 4.28a) in the first biofilter effluent was 
initially negligible and increased to 8.6 mg/1 after three hours, then remained constant 
until the end ofthe cycle. The second biofilter discharged below 0.5 mg/1 ammania-
N throughout the cycle. In the final effluent the concentration of ammania-N was 8.5 
mg/1 initially, then dropped to negligible values within one hour. The system 
achieved 94.9% nitrification and removed 1512 mg ammania-N at a rate of 101 mg 
per hour of the CD. 
The nitrate-N concentration in the first biofilter effluent was 8.7 mg/1 initially and 
declined to 0.9 mg/1 after one hour. In the effluent from the second biofilter, the 
nitrate-N concentration remained at an average of approximately 8.4 mg/1 during the 
cycle. In the third biofilter effluent, the concentration of nitrate-N was initially 
negligible, then increased sharply to 6.5 mg/1 in the first hour, and then increased 
gradually to 8.5 mg/1 by the end of the cycle (Figure 4.28b). 
The nitrite-N concentration in the final biofilter effluent peaked at 0.4 mg/1 after one 
hour then rapidly dropped to below 0.1 mg/1. In the effluent from the second 
biofilter, the nitrite-N concentration was initially 0.3 and dropped to 0.2 mg/1 after 
the first hour, then increased slightly to an average of 0.3 mg/1 during the remaining 
time of the cycle (Figure 4.28c ). The denitrification trend in the system was not 
established and insignificant denitrification occurred as indicated by the data 
presented in Figure 4.28d. 
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CD = 24.0 hours 
The prevalence of cyclic anaerobic/aerobic conditions (Figure 4.29a) in the first and 
third biofilter respectively had a rapid and marked impact on the P04-P activity in the 
system. The P04-P release activity increased with time for a period of eight hours 
increasing the P04-P concentration to 10.5 mg/1. It then declined until it virtually 
stopped by the sixteenth hour when the P04-P concentration declined to 9.6 mg/1. In 
the final effluent, the P04-P concentration decreased due to phosphorus uptake from 
an initial value of 9. 7 mg/1 to a minimum of 5. 7 mg/1 within four hours. After four 
hours, the P04-P uptake activity started to decline. P04-P concentration started to 
increase in the final effluent until it virtually stopped at the sixteenth hour due to 
reservoir saturation, with the P04-P concentration remaining constant at 
approximately 8.4 mg/1 until the end ofthe cycle (Figure 4.29b). The P04-P uptake 
in the system reached 683 mg at a rate of28.5 mg P04-P per hour of the CD. 
The TOC in the first biofilter effluent increased from an initial value of3.0 mg/1 to 
25.3 mg/1 after two hours, then increased slowly to 29.5 mg/1 by the end of the cycle. 
In the effluent from the second biofilter, the TOC concentration averaged 
approximately 3 mg/1 throughout the whole cycle. In the final effluent, the TOC 
concentration dropped from an initial value of 30.2 mg/1 to 2.4 mg/1 after two hours 
then averaged 2.5 mg/1 for the rest of the cycle (Figure 4.29c). The system achieved 
91.6% TOC removal, and 13028 mg TOC was removed at an average of 
approximately 542.8 mg per hour of the CD. 
Nitrification generally improved with increasing cycle duration. The system 
achieved 93.3% nitrification, and removed 2134 mg ammonia-Nat a rate of 89 mg 
per hour of the CD. The ammonia-N concentration in the first biofilter was initially 
negligible, then increased to 8.6 mg/1 within the first hour and remained constant 
until the end of the cycle (Figure 4.30a). Ammonia-N concentration in the second 
biofilter effluent was below 0.5 mg/1 throughout the cycle. In the final effluent, the 
concentration of ammonia-N was 8.5 mg/1 initially, then dropped to 0.5 mg/1 within 
the first two hours and became negligible during the rest of the cycle. 
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The nitrate-N concentration in the effluent from the first biofilter was 8.3 mg/1 
initially and declined to 0.3 mg/1 after two hours, reaching negligible values for the 
rest of the cycle. In the second biofilter effluent, the nitrate-N concentration was 
initially 8.8 mg/1, then reached an average of 8.5 mg/1 during the rest of the cycle. In 
the final effluent, the concentration of nitrate-N was initially negligible, then 
increased to 5.4 mg/1 within two hours, then increased slowly to 8.2 mg/1 by the end 
ofthe cycle (Figure 4.30b). 
The nitrite-N concentration peaked in the final effluent at approximately 0.4 mg/1 
after two hours then rapidly dropped to below 0.1 mg/1. In the second biofilter, the 
nitrite-N concentration averaged approximately 0.3 mg/1 during the cycle (Figure 
4.30c). The data (Figure 4.30d) indicate that limited denitrification occurred in the 
first and third biofilters during the first few hours of the cycle. The system achieved 
4.1% denitrification and removed 104.2 mg total inorganic-Nat a rate of3.9 mg total 
inorganic-N per hour of the CD. 
CD = 48.0 hours 
Extended anaerobic activity was established in the first biofilter during this cycle. 
The DO in the first biofilter effluent dropped from an initial value of7.6 mg/1 to 0.6 
mg/1 in the first hour, then declined steadily to 0.3 by the end of the cycle. In the 
final effluent, the DO remained above 7 mg/1 following the transition period (Figure 
4.31a). 
The phosphorus saturation and depletion trends were clear during this cycle. The 
maximum observed release and uptake activities occurred after six hours from the 
start of the new cycle. After six hours, both activities declined gradually and 
virtually stopped during the second half of the cycle. The phosphorus release 
increased the P04-P concentration in the effluent from the first biofilter to a 
maximum of approximately 11 mg/1, while the minimum P04-P concentration in the 
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final effluent was approximately 5.5 mg/1 (Figure 4.31b). P04-P uptake activity 
reached 981.8 mg at a rate of20.4 mg per hour of the CD. 
Following the transition period, the TOC was reduced in the first biofilter from 
approximately 50 to 26 mg/1. The TOC in the second biofilter was reduced from 
approximately 26 mg/1 to below 5 mg/1. A small amount of TOC, below 5 mg/1, was 
discharged in the final effluent following the transition period (Figure 4.31c ). The 
TOC removal in the system reached 92.7%, and 26352.4 mg TOC was removed at an 
average of approximately 549 mglhr of the CD. 
The nitrification activity was reflected by the removal of arnmonia-N (Figure 4.32a) 
and the production ofnitrate-N (Figure 4.32b). Following the transition period, the 
concentration of ammonia-N in the effluent from the first biofilter (approximately 8.5 
mg/1) was the same as the concentration of arnmonia-N in the influent due to the lack 
of nitrification in this biofilter. Nitrification occurred in the second biofilter, which 
reduced the ammonia-N concentration in the effluent to negligible limits. The 
oxidation of ammonia-N in this biofilter resulted in equivalent production of nitrates-
N, which increased to approximately 8-8.6 mg/1 in the effluent. The nitrified effluent 
passed through the third biofilter where limited denitrification took place. The final 
effluent contained low ammonia-N levels, below 1 mg/1, and high nitrate-N levels, 
above 8 mg/1 for most of the CD. 
Nitrites-N were detected in the effluents from the second and third biofilters. The 
maximum concentration of nitrite-N in the system reached approximately 0.2 mg/1 
(Figure 4.32c). The system achieved 93.3% nitrification and removed 4434 mg 
ammonia-N at a rate of 92.1 mg per hour of the CD. 
The total inorganic-N in the effluent from the first biofilter was initially 8.3 mg/1 and 
decreased to 7.8 mg/1 after two hours, then increased to 8.6 mg/1 by the end of the 
cycle (Figure 4.32d). The second biofilter initially contained 9.4 mg/1, then averaged 
at approximately 8.8 mg/1. The total inorganic-N in the final effluent was initially 
8.5 mg/1, then dropped to 6.3 mg/1 after two hours, then increased back to 8.4 mg/1, 
and remained at approximately 8.4 mg/1 for the remainder of the cycle. The overall 
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denitrification efficiency for the 48 hours was small and reached approximately 
3.7%. The system removed approximately 192 mg total inorganic-Nat a rate of 4 mg 
total inorganic-N per hour of the CD. 
CD= 120 hours 
As with the 48 hours cycle, the phosphorus release and uptake activities increased, 
decreased and virtually stopped (Figure 4.33b). In fact, the enhanced biological 
phosphorus activity virtually stopped following the saturation of the phosphorus-
uptaking biomass in the third biofilter and depletion of the phosphorus biomass in the 
first biofilter. The enhanced phosphorus activity was limited for most ofthis CD. 
The P04-P uptake capacity was 517 mg at a rate of 4.3 mg P04-P per hour of the CD. 
The TOC removal in the first biofilter did not directly reflect the phosphorus release 
activity in the biofilter. The TOC removal nearly reached a steady state following the 
transition period in this biofilter. The data suggest that almost half ofthe TOC in the 
influent was removed in the first biofilter and the remaining TOC was removed in the 
second biofilter. The TOC in the first biofilter effluent increased sharply to 16.5 mg/1 
after one hour, then steadily to 24.1 mg/1 at the end of the sixteenth hour, after which 
the TOC concentration remained constant at approximately 27.9 mg/1. In the effluent 
from the final biofilter, the TOC concentration dropped from an 27.5 mg/1 to 4.3 mg/1 
within four hours, then declined to negligible values until the end of the cycle (Figure 
4.33c). The system achieved 98.7% TOC removal and removed 69327 mg TOC at a 
rate of 577.7 mg per hour of the CD. 
Nitrification was also efficient during this cycle. The system achieved 98.8% 
nitrification and removed 12028 mg ammonia-Nat a rate of 100.2 mg per hour of the 
CD. Because the denitrification activity was limited, the ammonia-Nand nitrate-N 
concentrations particularly reflected the nitrification activity in the system. 
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The nitrate-N concentration in the first biofilter effluent was 7.8 mg/1 initially and 
declined to negligible values after three hours. In the second biofilter, the nitrate-N 
concentration was initially 8.7 mg/1, then dropped to 7.1 mg/1 by the nineteenth hour, 
then started to increase until it reached an average of approximately 8.3 mg/1 during 
the remaining time of the cycle. In the third biofilter effluent, the concentration of 
nitrate-N was initially negligible then increased sharply to 7.0 mg/1 in the first hour, 
then increased slowly to 7.5 mg/1 at the end of the cycle (Figure 4.34b). 
The nitrite-N concentration in the second biofilter effluent averaged between 0.3 -4.0 
mg/1 during the cycle (Figure 4.34c ). During the transition period, the concentration 
of nitrite-N peaked in the effluent from the first biofilter at approximately 0.25 mg/1 
and in the final effluent at approximately 0.65 mg/1. 
The total inorganic-N in the anaerobic biofilter effluent remained relatively 
unchanged at approximately 8.5 mg/1. The total inorganic-N concentration in the 
aerated biofilter effluent was initially 9.0 mg/1, then dropped to 7.4 mg/1 after 
nineteen hours, then increased slowly to an average of 8.7 mg/1. The total inorganic-
N in the final effluent biofilter was initially 8.4 mg/1, then dropped to 7.1 mg/1 within 
the first ten hours due to denitrification, then increased gradually to 7.7 mg/1 (Figure 
4.34d). The system achieved 9.9% denitrification and removed 1212 mg inorganic-
NIL at an average rate of 10.1 mg/hr ofthe CD. 
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4.3 Denitrification using external TOC 
The experimental studies presented in the previOus sections suggested that 
denitrifcation in the system was limited by the lack of adequate external carbon 
supplies. This lack of adequate external carbon supplies in the nitrified effluent also 
prevented the efficient consumption of the residual oxygen in the third biofilter. As a 
result, the third biofilter that received the nitrified effluent did not fully develop 
anoxic conditions. To enhance denitrification in this biofilter, external carbon was 
injected into the nitrified influent entering the third biofilter. The added TOC 
consisted of a sodium acetate solution. 
Five studies were carried out with acetate added using a metering pump at four 
different flow rates: 5.5, 9.7, 13.8, and 24 ml/min. Prior to introducing the external 
TOC supplies, the aeration to the third biofilter was turned off and the performance 
of the system was assessed. During the experiments, the CD was maintained at 12 
hours and the flow rate was 200 ml/min. The resulting TOC/TIN ratios were 0, 0.1, 
1.3, 1.9, and 3.0. 
The results presented below describe the performance of the system as modified by 
the addition of increasing quantities of external TOC to the third biofilter. This study 
was not designed to develop loading criteria and design data, but rather to investigate 
the impacts of adding external TOC supplies on denitrification. 
Turning off the supplemental aeration to the third biofilter, coupled with increased 
carbon supplies, resulted in decreasing the DO levels in final effluent. The maximum 
DO in the third biofilter effluent decreased from approximately 6.9 mg/1 with 
aeration to 4.4 mg/1 without aeration. The addition of external TOC at a rate of 5.5 
ml/min (TOC/TIN = 0.1) reduced the maximum DO level in the final effluent to 2.8 
mg/1. The maximum DO level was reduced to below 1 mg/1 in the final effluent 
when the external TOC supplies was increased to 24 ml/min (TOC/TIN = 3). The 
reduction in the DO level resulted from the aerobic stabilisation of a fraction of the 
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added external carbon. The impacts of the withdrawal of aeration and the addition of 
external TOC on DO are clearly shown in Figure ( 4.35a-d). 
The addition of increasing quantities of external carbon to the third biofilter resulted 
in increasing the TOC in the final effluent when the TOC/TIN exceeded 1.3 (Figure 
4.36a-d). Without the external supplies, the TOC concentration in the final effluent 
was typically less than 5 mg/1. The TOC level remained below 5 mg/1 when the 
TOC/TIN ratio was 1.3 or smaller. The maximum TOC in the effluent reached 
approximately 12 mg/1 when the external TOC supply was 24 ml/min (TOC/TIN = 
3). The addition of external TOC to the third biofilter did not have a significant 
impact on the nitrification in the system. This is because nitrification in the system 
occurred in the second biofilter, and the external TOC was added to the effluent from 
this biofilter (Figure 4.37a-d). 
Denitrification in the system improved as a result of the DO consumption and the 
addition of external carbon to the third biofilter. The maximum nitrate-N level in the 
final effluent decreased from approximately 8.1 mg/1 with aeration to 7.4 mg/1 
without aeration. The withdrawal of aeration helped improve the denitrification 
activity in the third biofilter (Figure 4.38 a-d). Nevertheless, the withdrawal of 
aeration was not sufficient to enhance denitrification which remained limited by the 
lack of external carbon supplies. 
The addition of external TOC resulted in significant enhancement of denitrification 
in the third biofilter and resulted in reduced nitrate-N and total inorganic-N 
concentrations in the final effluent. The concentration of total inorganic-N (Figure 
4.39a-d) in the final effluent decreased from approximately 7.9 mg/1 without the 
addition of external TOC to below 1 mg/1 when the external TOC dose was 24 
ml/min (TOC/TIN = 3). Similarly, the concentration ofnitrate-N decreased from 
approximately 7 mg/1 without the addition of external TOC to approximately less 
than 1 mg/1 when the external TOC dose was 24 ml/min (TOC/TIN = 3). The 
measured phosphorus activity in the system generally declined as the quantity of 
TOC supplied to the system increased (Figure 4.40a-d). 
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4.4 Recycle studies using the anaerobic/anoxic/aerobic arrangement 
Combined Biological nutrient removal usmg the anaerobic/anoxic/aerobic 
arrangement of the biofilters was attempted at a flow rate of 200 mllmin and CD = 12 
hours during the second part of the optimisation studies. The same fixed-film 
biofilters of the system were re-arranged in order to study the effect of recycling of 
the nitrified effluent on biological phosphorus removal and on the activity of the 
denitrifying phosphorus removing bacteria (DPB). 
Using three sets ofball valves, the operational sequence of the three biofilters was re-
arranged and three studies were carried out. The first study utilised the 
anaerobic/anoxic/aerobic arrangement without recycling of the nitrified effluent; the 
second study used 100% recycling of the nitrified effluent into the second anoxic 
biofilter; and the third study attempted was a 200% recycle of the nitrified effluent. 
The major aim of the study was to study phosphate uptake under anoxic conditions 
with simultaneous denitrification after a previous anaerobic substrate uptake, which 
was expected to reduce the extent of competition between Poly-p bacteria and the 
denitrifiers. A side stream nitrification in the third fixed-film biofilter was expected 
to reduce the losses of organic carbon by oxidation and stabilise the slow-growing 
nitrifier population. The system suffered from flooding when the final 200% recycle 
study was attempted thus causing biomass washout. Consequently, the results 
reported in this section will be presented as only preliminary indicators for future 
studies using this arrangement and, thus, are by no means conclusive. 
The results of the three studies are demonstrated in the sections that follow. 
- no-recycle anaerobic/anoxic/aerobic study 
In the anaerobic biofilter effluent, the DO dropped from 0.4 mg/1 to 0.3 mg/1 by the 
end of the cycle. The anoxic biofilter effluent DO was initially 0.2 mg/1 and reached 
0.3 mg/1 by the end of the cycle, and in the third constantly aerated biofilter the DO 
averaged 7.6 mg/1 throughout the cycle (Figure 4.41a). 
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The anaerobic biofilter effluent initial P04-P concentration was 7.4 mg/1, the release 
activity lasted for one hour up to a concentration of7.8 mg/1, then declined for the 
rest of the cycle when it reached 6.9 mg/1. In the anoxic biofilter some uptake 
activity was observed when the P04-P concentration was 7.6 mg/1 initially and 
decreased to 6.3 mg/1 at the end of the first hour. The uptake activity started to 
decline to 7.1 mg/1 at the end ofthe cycle. The final effluent P04-P concentration 
decreased steadily from an initial concentration of7.3 mg/1 to 6.8 mg/1 at the end of 
the cycle (Figure 4.41 b). 
The system removed negligible P04-Pihr. The reason for the decline is attributed to 
the lack of cyclic anaerobic/anoxic caused by the prevalence of anaerobic conditions 
in both biofilters, namely the first and the second, due to the lack of recycling of 
nitrified effluent from the third aerated biofilter. 
The TOC of the anaerobic biofilter effluent was 40.7 mg/1 and reached 37.9 mg/1 by 
the end of the cycle. In the second biofilter effluent, the TOC concentration was 40.2 
mg/1 and dropped to 38.0 mg/1 at the end of the cycle. Most of the TOC removal 
occurred in the constantly aerated biofilter, where the TOC concentration was 
initially 2.0 mg/1, then decreased to 1.8 mg/1 in the first three hours then averaged 1.6 
mg/1 for the rest of cycle (Figure 4.41c). The TOC removal in the first biofilter 
declined and virtually stopped as the phosphorus release activity stopped. The 
system achieved 3.9% TOC removal and removed 271.6 mg TOC or 22.6 mg/hr for 
this cycle, which is low due to the very weak phosphorus and denitrification 
activities. 
The ammonia-N concentration in the anaerobic biofilter effluent (Figure 4.42a) 
remained constant at 8.5 mg/1. In the second biofilter effluent, the concentration of 
ammonia-N also remained constant at 8.5 mg/1 for the cycle duration because the 
anaerobic biofilter effluent from the previous cycle was not replaced by the nitrified 
effluent from the constantly aerated biofilter. The concentration of ammonia-N was 
negligible for the duration of the cycle in the constantly aerated third biofilter, 
indicating that ammonia-N oxidation was completed in this biofilter due to active 
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nitrification in this biofilter. The system achieved almost complete nitrification and 
removed 1226.6 mg ammonia-Nor 102.2 mg ammonia-N/hr during this cycle. 
The nitrate-N concentration in the feed was negligible and in the anaerobic biofilter 
effluent where the nitrate-N concentration was 0.3 mg/1 initially and declined to 0.2 
mg/1 by the end of the cycle (due to the lack of replacement of the nitrified effluent 
from the constantly aerated biofilter with feed wastewater) then the nitrate-N 
concentration remained undetectable for the rest of the cycle. In the second biofilter 
effluent, the concentration of nitrate-N was initially 0.3 mg/1 and remained so until 
the end of the cycle due to the lack of the recycle of the nitrified effluent from the 
constantly aerated biofilter. In the constantly aerated biofilter, nitrate-N 
concentration was initially 7.5 mg/1 and reached an average of7.0 mg/1 at the end of 
the cycle (Figure 4.42b ). 
The nitrite-N concentration in the anaerobic and the second biofilter effluents was 
negligible until the end of the cycle. In the constantly aerated biofilter effluent, 
nitrite-N concentration was 0.4 mg/1 initially and remained so for the rest of the cycle 
(Figure 4.42c ). 
The total inorganic-N in the anaerobic and second biofilter effluents (Figure 4.42d) 
was initially 8.7 mg/1 and remained at this average until the end of the cycle. The 
aerated biofilter effluent total inorganic-N concentration was initially 8.0 mg/1, then 
dropped to 7.8 mg/1 after one hour then decreased slowly to 7.4 mg/1 cycle. The 
system achieved 7.3% denitrification and removed 90.4 mg total inorganic-Nor 7.5 
mg total inorganic-N/hr due to the early depletion ofthe carbon reserves and the 
obvious inactivity of the denitrifying phosphorous bacteria and denitrifiers caused by 
the lack of the cyclic exposure. 
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- 100% recycle anaerobic/anoxic/aerobic study 
During this part of the study, 100% of the final effluent from the constantly aerated 
biofilter effluent stream line was re-circulated to the second biofilter. The oxygen 
levels in the anaerobic biofilter effluent dropped from an initial value of 1.3 mg/1 to 
0.4 mg/1 by the end of the cycle. The second biofilter effluent DO was initially 1.2 
mg/1 and reached 1.6 mg/1 by the end of the sixth hour and 1.2 mg/1 by the end of the 
cycle. In the third constantly aerated biofilter, the DO averaged 7.2 mg/1 throughout 
the cycle (Figure 4.43a). 
The anaerobic biofilter effluent P04-P initial concentration was 6.4 mg/1. A weak 
release activity lasted for three hours up to a concentration 7.0 mg/1, then declined to 
6.3 mg/1 by the end of the cycle. In the anoxic biofilter, weak uptake activity was 
observed where the P04-P concentration was 3.4 mg/1 initially and increased to 6.3 
mg/1 at the end of the cycle. The final aerobic effluent P04-P concentration was 
initially 6.5 mg/1 to 6.3 mg/1 at the end of the cycle (Figure 4.43b). 
The system removed 26.8 mg P04-P with negligible P04-P removal/hr. The reason 
for the decline could be attributed to the insufficient recycle of the nitrified effluent 
from the third aerated biofilter to ensure prevalence of anoxic conditions in the 
second biofilter, or possibly an induced inhibition of biological phosphorus removal 
with the recycle of the nitrified effluent. 
The TOC of the anaerobic biofilter effluent was 14.0 mg/1 and reached 35.0 mg/1 by 
the end of the first hour, increasing steadily to 41.7 mg/1 by the end of the cycle. In 
the second biofilter effluent most of the TOC removal occurred. The TOC 
concentration was 47.4 mg/1 and dropped to 18.0 mg/1 within the first hour, then 
reached 12.4 mg/1 at the end of the cycle. In the final constantly aerated biofilter, the 
TOC concentration was initially 4.2 mg/1 and decreased to 2.6 mg/1 at the end of 
cycle (Figure 4.43c ). 
The TOC removal in the second biofilter continued to decrease despite the fact that 
P04-P release activity virtually stopped, indicating that the TOC in this biofilter was 
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possibly used for denitrification. The system achieved 23% TOC removal compared 
to 3.9% TOC removal in the previous run and removed 1498.6 mg TOC or 124.8 mg 
TOC/hr compared to 22.6 mg/hr during the previous cycle where the system suffered 
from the weakened phosphorus and denitrification activities. In this experimental 
run denitrification activity picked up, while the phosphorus activity was weak. 
The ammonia-N concentration (Figure 4.44a) in the anaerobic biofilter effluent was 
initially 4.1 mg/1, then increased slowly as the nitrified effluent from the previously 
anoxic phase was replaced by feed wastewater. Ammonia-N concentration reached 
8.4 mg/1 after three hours then remained constant at 8.4 for the rest ofthe cycle. In 
the second biofilter effluent, the concentration of ammonia-N also remained constant 
at 8.3 mg/1 initially. As anoxic conditions started to prevail due to the replacement of 
the feed wastewater from the previous anaerobic cycle with the nitrified effluent from 
the constantly aerated biofilter coming with the recycle line plus the feed wastewater 
coming from the anaerobic biofilter the concentration of ammonia-N started to 
decrease gradually in the first three hours reaching 4.9 mg/1 then decreased slowly to 
4.0 mg/1 at the end of the cycle. The concentration of ammonia-N in the constantly 
aerated biofilter was 1.7 mg/1 initially and decreased to 0.7 mg/1 at the end of the 
cycle, indicating that ammonia-N oxidation was active in this biofilter due to active 
nitrification in this biofilter. 
The system achieved 88.5% nitrification compared to 100% nitrification in the 
previous cycle, and removed 1055.5 mg ammonia-N or 87.9 mg ammonia-N/hr 
compared to 102.2 mg ammonia-N/hr during the previous run, where no recycling of 
the nitrified effluent was attempted. 
The nitrate-N concentration in the anaerobic biofilter effluent was 0.8 mg/1 initially 
and declined to 0.2 mg/1 by the end of the cycle (due to the replacement of the 
nitrified effluent from the constantly aerated biofilter to this previously "anoxic" 
biofilter with feed wastewater). In the second biofilter effluent, the concentration of 
nitrate-N was initially 0.3 mg/1, increased sharply to 1.0 mg/1 in the first hour, 
reached 1. 7 mg/1 by the end of the first three hours, then declined to 0.9 mg/1 by the 
end of the cycle due to denitrification activity caused by the recycle of the nitrified 
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effluent from the constantly aerated biofilter. In the constantly aerated biofilter 
nitrate-N concentration was initially 4.8 mg/1 and reached an average of7.4 mg/1 at 
the end ofthe cycle (Figure 4.44b). 
The nitrite-N concentration in the anaerobic biofilter effluent was 0.17 mg/1 and 
reached negligible values until the end of the cycle. Nitrite-N concentration in the 
second biofilter effluent was also negligible initially and increased in the first two 
hours to 0.2 mg/1, then declined marginally until the end of the cycle to 0.17 mg/1. In 
the constantly aerated biofilter effluent, nitrite-N concentration was 0.3 mg/1 initially 
and increased to 0.4 mg/1 in the first hour, declining marginally to 0.3 mg/1 at the end 
ofthe cycle (Figure 4.44c). 
The total inorganic-N in the anaerobic biofilter effluent (Figure 4.44d) was averaged 
8.5 mg/1 during the first three hours, as the nitrified effluent from the previously 
anoxic phase was replaced by feed wastewater then remained at this average until the 
end of the cycle. The total inorganic-N in the anoxic biofilter effluent was initially 8. 
7 mg/1 and dropped steadily to 5.3 mg/1 due to active denitrification at the end of the 
cycle. The aerated biofilter effluent total inorganic-N concentration was initially 6.5 
mg/1, then dropped to 5.5 mg/1 after six hours, then decreased slowly to 5.4 mg/1 at 
the end ofthe cycle. The system achieved 31.0% denitrification compared to 7.3% in 
the previous run, where no recycling was attempted, and removed 377.0 mg total 
inorganic-N or 31.0 mg total inorganic-N/hr compared to 7.5 mg total inorganic-N/hr 
for the previous run due to the activity of the denitrifiers caused by the recycle of the 
nitrified effluent and the creation of anoxic conditions in the second biofilter. 
- 200% recycle anaerobic/anoxic/aerobic study 
During the 200 %recycle study, the system suffered from occasional flooding, thus 
the data for this part of the study was not reliable due to the unsteady state conditions 
created by flooding. It was decided at that stage to halt the experimental work due to 
the loss ofbiomass. 
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4.5 Biomass Characterisation 
Biomass characterisation was not part of the research objectives, however, samples 
were collected from the cyclic biofilters and studied under a microscope and in the 
anaerobic biofilter for the 4 hrs cycle of the second phase of the study at 200 ml/min 
shelled amoeba, paramoesum, leonitus, stalked cilliates, phosphorus bacteria a,d 
nematodes were observed. In the anaerobic biofilter in the cycle celliates, flagelates, 
amoeba,nematode worms and phosphorus bacteria were observed. Biofilm 
composition and thickness development were not monitored in any of the studies 
carried out. 
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5.0 ANALYSIS AND DISCUSSION 
5.1 Introduction 
Recent (BNR) performance optimisation studies have focused on some important 
process control parameters such as: the rates of phosphorus release and uptake, 
phosphorus uptake under aerobic or anoxic conditions, the reaction time, control of 
influent oxygen and nitrates concentrations entering the unaerated zone, the nitrite 
ion inhibiting effect on phosphorus release, arrangement of the sequence of exposure 
to alternating environmental conditions, dissolved oxygen dependence of phosphorus 
release, optimisation of the type and quantity of carbon supply, and modification of 
the hydraulic residence time in the aerated and unaerated zones (Goncalves and 
Rogalla, 1992 a, b; Gonzalez-Martinez and Wilderer, 1990; Kerm-Jespersen and 
Henze, 1993; Schon et al., 1993; Hascoet and Florentz, 1985; Isaacs and Henze, 
1994; Gerber et al., 1986; Converti et al., 1993). 
In this study, the three-stage biofilter system developed for BNR was operated under 
alternating anaerobic/aerobic conditions in a time sequence, always introducing the 
wastewater flow into the anaerobic zone. The system was automated using ball 
control valves connected to a programmable timer. The duration of aeration/no-
aeration cycle in each biofilter (cycle duration) provided an independent process 
control parameter that is unique to fixed-film BNR systems. The study results 
suggest that the cyclic duration can be controlled to optimise phosphorus and 
nitrogen removal in the system. 
The initial impact of varying the CD was to modify oxygen availability within the 
unaerated biofilter. Oxygen availability within the unaerated biofilter decreases as 
the CD increases. Denitrification and phosphorus release can be inhibited if the 
concentration of oxygen, which depending on the oxygen penetration to the biofilm, 
is above different thresholds. However, the impact of varying the CD is not limited 
to modifying the concentration of oxygen alone. The environmental conditions 
created by varying the CD had significant impacts on biofilm and biomass 
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characteristics (Hijazi and Shanableh, 1997). The following sections analyse the 
results obtained and presented in Chapter 4. 
5.2 Impact of the hydraulic characteristics of the system on the 
wastewater quality 
The hydraulic characteristics of the system affected the water quality in the effluent 
from each biofilter especially during the transition period following the start of each 
new cycle. As described in Chapter 3, the system consisted of three biofilters 
connected in series. The two end biofilters were operated in cycles, and by the end of 
each cycle the direction of flow was reversed. For example, following the reversal of 
the flow direction, the first biofilter, which received the influent wastewater became 
the third biofilter which discharged the final effluent. Similarly, the third biofilter 
which discharged the final effluent before the reversal of the flow direction, started to 
receive the influent feed wastewater. Following the reversal of the flow direction, 
the first and third biofilters started to accumulate a mixture of feed wastewater and 
effluent from the middle biofilter (the aerator). This mixture contained, in effect, old 
wastewater that existed in the biofilter before the reversal of the flow direction and 
new wastewater that started flowing into the biofilter. For the first biofilter in the 
new cycle, the old wastewater consisted mostly of nitrified effluent from the middle 
biofilter and the new wastewater consisted of feed wastewater. Similarly for the third 
biofilter in the new cycle, the old wastewater consisted partly or mostly of feed 
wastewater and the new wastewater consisted of nitrified effluent from the middle 
biofilter. 
Following the reversal of the flow direction, and due to the upflow arrangement in 
the individual biofilters, the third biofilter started to discharge old wastewater as it 
started being replaced by new wastewater. Accordingly, the final effluent from the 
third biofilter during the transition period contained some feed wastewater subjected 
to treatment in one biofilter only. The ratio of the feed wastewater and second 
biofilter effluent in the mixture was dependent on the CD and the time from the start 
of each new cycle. For CDs shorter than the hydraulic residence time in the 
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individual biofilters, the cyclic biofilters contained old wastewater from many 
previous cycles. For CDs much longer than the hydraulic residence time, the old 
wastewater consisted mainly of either feed wastewater or nitrified effluent. The 
mixture of both wastewaters inside the biofilters was more homogeneous for shorter 
CDs. 
During the transition period following the start of a new cycle, the new influent to 
each biofilter started to replace the residual wastewater in the biofilter. Also, the 
environmental conditions changed in terms of oxygen availability. The wastewater 
quality in the effluent from the first biofilter exhibited the following general trends 
during the transition period: TOC, P04-P, and NH4-N increased, while N03-N and 
DO decreased as the cycle progressed. This transition wastewater quality reflected 
the following: (1) the introduction of feed wastewater containing TOC, P04-P, and 
NH4-N; (2) phosphorus release; (3) lack of aeration; and ( 4) the introduction of feed 
wastewater containing no nitrates. The opposite trend occurred in the effluent from 
the third biofilter: TOC, P04-P, and NH4-N decreased, while N03-N and DO 
increased as the cycle progressed. This trend reflected: (1) the introduction of 
wastewater from the middle biofilter containing low levels ofTOC and NH4-N and 
high levels of N03-N and DO; and (2) phosphorus uptake. The effluent from the 
second biofilter contained low levels of TOC and NH4-N. The P04-P level in the 
effluent from the second biofilter reflected the P04-P level in the influent from the 
first biofilter, and the N03-N levels reflected the nitrification activity. 
5.3 Transformations of dissolved oxygen 
The effect of CD on nitrogen and phosphorus transformations in cyclic fixed-film 
dual BNR biofilter systems is related to: (1) the availability of oxygen within the 
unaerated biofilter, which decreases as the CD increases; and (2) the impacts that the 
environmental conditions created through varying the CD may have on the biofilm 
and biomass characteristics. For a short CD approaching zero, the environmental 
conditions within the unaerated biofilter remain aerobic as the biomass is re-aerated 
before the residual oxygen is consumed. Longer CDs permit the establishment of 
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extended anaerobic or anoxic conditions within the unaerated biofilter. An infinite 
CD corresponds to a situation in which the aerated biofilter remains aerobic and the 
unaerated biofilter remains anaerobic or anoxic. Neither of the two CD extremes 
(zero and infinity) favours enhanced biological phosphorus removal (Shanableh et 
al., 1996). 
In the experiments, the initial impact of varying the CD was to modify oxygen 
availability within the unaerated biofilter. Oxygen availability within the unaerated 
biofilter decreased as the CD increased. The experimental results confirmed that as 
time progressed within the cycle duration, the unaerated biofilter became increasingly 
anaerobic. However, for shorter CDs, the unaerated biofilter was not allowed enough 
time to establish anaerobic activity as the cycle was reversed before the residual 
oxygen from the previous cycle was consumed. 
As predicted, the availability of oxygen within the unaerated biofilter decreased as 
the CD increased. For the 100 ml/min experiments (Figure 5.1a, b), the DO in the 
first biofilter declined rapidly from approximately 5-7 mg/1 to below 0.5-1 mg/1 
within one hour after the start of a new cycle. The DO in the final effluent increased 
rapidly within the first one to two hours from below 0.5-1 mg/1 to approximately 5-6 
mg/1. The concentration of DO in the effluent from the second biofilter remained in 
the range of 8-8.5 mg/1 under all CDs due to the excessive aeration provided. The 
effluent from the second biofilter also contained air bubbles, which were released in 
the third biofilter, thus increasing the DO level in the final effluent. The feed was 
purged with nitrogen to an initial DO concentration of below 2 mg/1. 
For the 200 ml/min experiments, aeration was introduced into the third biofilter. 
Without this supplemental aeration, the DO in the effluent from the third biofilter did 
not exceed approximately 2 mg/1 following the transition period, even though the 
influent was saturated with DO. With the additional aeration provided, the third 
biofilter quickly established aerobic conditions following the transition period. In 
general, and for all CDs, the DO levels increased to above 5 mg/1 within two hours. 
In the first biofilter, the DO dropped within the first two hours to below 2 mg/1 as a 
result of the consumption of the residual oxygen from the previous cycle. However, 
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for the short CDs, the two cyclic biofilters remained aerobic with the DO levels 
maintained aboveapproximately 3 fug/1 (Figure5.2a, b). 
The availability of oxygen in the system had a major impact on its performance. 
Significant phosphorus release occurred when the DO levels decreased,. allowing the 
establishment of anaerobic activity in the first biofilter. Efficient nitrification occurred 
in the second biofilter, which was constantly aerated. Finally, phosphorus uptake and 
limited denitrification occurred in the third biofilter, which was not directly aerated 
during the 100 ml/min experiments but received air saturated with oxygen from the 
second biofilter. 
5.4 TOC removal 
Following the reversal of the flow direction, the TOC started to increase in the 
effluent from the first biofilter due to the introduction of the feed wastewater that 
contained approximately 50 mg/1 TOC. The feed wastewater replaced the residual, 
low TOC, nitrified wastewater in the first biofilter which was received from the 
second biofilter during the previous cycle. In the first biofilter, toe consumption 
during the transition period occurred under aerobic conditions, before the DO levels 
declined to low limiting levels. As the dissolved oxygen became depleted in the first 
biofilter, the phosphorus release activity increased together with the anaerobic TOC 
removal activity. 
Some TOC removal could have also occurred as a result of denitrification of the 
residual nitrates in the first biofilter. In summary, TOC removal inthe.first biofilter 
during the transition period could be related to the following mechanisms: 
1. aerobic biological activity; 
2. anaerobic biological activity including TOC removal for phosphorus release; and 
3. anoxic TOC removal by the denitrifying micro-organisms. 
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Following the transition period of the longer CDs, the removal ofTOC in the first 
biofilter occurred mostly under anaerobic conditions. For the 100 ml/min 
experiments, this removal appeared to be linked to the phosphorus release activity in 
the biofilter. The TOC removal in the first biofilter reflected the phosphorus release 
activity in which the TOC removal and phosphorus release activities simultaneously 
increased, decreased, and virtually stopped, indicating that the TOC was mainly 
consumed by the phosphorus-releasing micro-organisms. 
Unlike the TOC removal trends observed during the 100 ml/min experiments, the 
TOC removal in the first biofilter during the 200 ml/min experiments continued after 
the phosphorus release activity virtually stopped. This suggested that the TOC 
removal in this biofilter was not only linked to the phosphorus release activity, but 
that the TOC removal was achieved, in part, by other anaerobic biological activity. 
The experimental results presented in Figure 5.3a, b suggested that, following the 
transition period, the removal of TOC in the first biofilter declined as time progressed 
during any of the cycles. In effect, the first biofilter discharged higher concentrations 
of TOC as time progressed. In addition, the TOC level that was discharged in the 
eftluent from the first biofilter increased as the CD increased. As a result, the removal 
of TOC in the first biofilter declined as the CD increased. For the shorter CDs~,the 
majority of the TOC was removed in the first biofilter. For the longer CDs,' the 
majority ofthe TOC was removed in the second biofilter. 
The TOC entering the second biofilter increased as time progressed during any of the 
cycles. The TOC levels entering this biofilter also increased as the CD incre~sed. 
Nevertheless, the TOC entering the second biofilter was reduced to low levels in' the 
eftluent, generally below 5 mg/1. In additimno removing TOC, this biofilter achieved 
efficient nitrification during all CDs which suggests that the TOC removal occurred in 
the lower parts of the upflow biofilter and nitrification occurred in the upper parts of 
the biofilter. 
Foil owing the transition period, the second biofilter achieved TOC removals that 
increased as the CD increased. This is mostly due to the increased TOC levels in the 
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Figure 5.3a, b TOC transformations vs. CD for the 100 mllmin experiments 
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influent and the adequate capacity of the system to remove TOC. For the longer 
CDs, most of the TOC removal in the system was achieved in the second biofilter. 
The TOC discharged in the third biofilter effluent immediately after the switch to a 
new cycle varied in the range of 20-50 mg/1. Such TOC levels represented the 
residual TOC in the biofilter from previous cycles. The consumption of the residual 
TOC started immediately after the switch to a new cycle. The phosphorus uptake 
activity and associated TOC removal picked up as the DO levels started to increase in 
the biofilter. As the nitrified effluent started to replace and mix with the old 
wastewater in the biofilter, the TOC levels in the biofilter also declined. In addition, 
the introduction of nitrates into the biofilter encouraged denitrification in poorly 
aerated parts of the biofilter. For the 100 rnl/min experiments, denitrification 
generally lasted in this biofilter beyond the transition period, even though the residual 
TOC from the previous cycle was removed or displaced by the low TOC containing 
wastewater from the second biofilter. 
Although the detention time in the system for the 200 rnl!min experiments (Figure 
5.4a, b) was reduced, the overall removal ofTOC in the system did not decline (Table 
5.1). The high flow rate resulted in high organic loading rates and higher TOC 
removal rates. Also, the fact that the high TOC loading did not inhibit nitrification in 
the second biofilter confirmed that the second biofilter had an adequate capacity for 
TOC removal and nitrification. 
Following the transition period, the influent to the third biofilter contained low TOC 
concentrations, below 5 mg/1. As a result, the TOC removal activity in this biofilter 
was limited. The data presented in Table 5.1 indicate that improved overall TOC 
removal in the system required longer CDs which minimised the frequency of 
transitions following the start of each new cycle. The overall average TOC removal 
efficiency was higher during the very short CDs such as the 0.25 and 0.5 hours 
(during which all three biofilters in the system remained aerobic) than for the medium 
length CDs of the 100 and 200 rnl/min experiments respectively. The overall TOC 
removal efficiency in the system for all cycles exceeding three hours remained above 
80%. 
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T bl 51 TOC1 a e . I. th b" fit t f II remova 1n e 10 1 er sys em o owmg th t e rans1 1on period 
CD 
(hrs) 
0.25 
0.5 
2 
3 
4 
6 
9 
12 
15 
24 
48 
72 
120 
100 mVmin experiments2 200 mVmin experiments3 
TOC TOC Overall TOC TOC Overall 
removal removal TOC removal removal TOC 
in BF1 BF2 Removal in BF1 BF2 Removal 
(%) (%) in the (%) (%) in the 
system system 
(%) (%) 
6.9 83.9 88.6 --- --- ---
--- --- --- (5.2 20.2 91.3 
76.7 14.1 82.6 --- --- ---
69.7 20.4 83.0 61.6 29.7 84.4 
--- --- --- 69.1 22.5 90.0 
59.7 29.9 87.3 --- --- ---
--- --- --- 52.2 42.6 91.3 
59.7 29.9 90.8 55.9 35.6 91.9 
--- --- --- 49.1 44.2 94.8 
49.3 42.8 88.3 46.8 46.5 91.6 
12.0 76.2 90.0 50.4 42.8 92.7 
18.1 76.5 92.9 --- --- ---
--- --- --- 46.3 48.5 98.7 
1. Based on the mass difference between the influent and effluent following 
the transition period. 
2. Transition period assumed to be 3 hours. 
3. Transition period assumed to be at least 1.5 hours. 
For the 200 ml/min experiments, the TOC removal in the first biofilter was 
approximately 50% for the 48 and 120 hour CDs, while, for the 100 ml/min 
experiments, the TOC removal remained below 18% for the 48 and 72 hour CDs 
(Figure 5.4a,b). The removal efficiencies and the mass ofTOC removed in the system 
for the 100 and 200 ml/min experiments are shown in Figures 5.5 and 5.6. As 
expected, the overall rate of TOC removal in the system during the 200 ml/min 
experiments was higher than during the 100 ml/min experiments. 
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Figure 5.4a, b TOC transformations vs. CD for the 200 ml/min experiments 
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Figure 5.6 TOC mass removed in the system for the 100 and 200 ml/min 
experiments 
5.5 Ammonia oxidation 
The three-biofilter system was originally designed to oxidise ammonia-N in the 
second biofilter. This was intended to reduce the oxygen demand in the third 
biofilter, which was not originally designed to receive direct aeration. Instead, the 
source of oxygen in the third biofilter was the oxygen-saturated effluent from the 
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second biofilter. The original decision not to directly and vigorously aerate the two 
cyclic biofilters (i.e., the first and third) was made to avoid excessive loss of biomass 
due to extended aerobic activity, especially during the longer CDs. 
The system, conforming with the design, achieved ammonia-N oxidation mainly in 
the second biofilter, or the aerator. The conditions in the two cyclic biofilters were 
not suitable for supporting nitrification. In the first biofilter, the lack of aeration and 
the high TOC/ammonia-N ratio prevented nitrification from occurring. The influent 
to the third biofilter contained the nitrified effluent and low concentrations of 
ammonia-N. As a result, the concentration of ammonia-N in the effluent from the 
first and third cyclic biofilters was generally shaped by the hydraulic characteristics 
of the system. 
The oxidation of ammonia-N in the middle biofilter was not significantly affected by 
the cyclic operation of the system. The major impact of the CD on nitrification in the 
second biofilter resulted from the fluctuating levels ofTOC and ammonia-N entering 
the biofilter during the various CDs. However, given the biofiltration rates, the size 
of the second biofilter, and the presence of active biomass, all of which were enough 
to absorb these impacts without a deterioration in the nitrification activity in the 
biofilter. The concentration of ammonia-N in the effluent from the second biofilter 
remained relatively low, below 1 mg/1, even though the second biofilter influent 
quality varied in the range of 1 to 8.5 mg/1 ammonia-N and less than 5 to 45 mg/1 
TOC. Ammonia-N and TOC in the influent to the second biofilter were generally 
low at the beginning of each cycle and increased with time as the cycle progressed 
(Figure 5.7). 
Understanding the hydraulic characteristics of the system is important for explaining 
the observed transformations of ammonia-N in the first and third biofilters. 
Reversing the flow direction at the beginning of a new cycle resulted in a transition 
period during which the final effluent quality deteriorated as the system adjusted to 
the newly imposed conditions. 
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The concentration of ammonia-N in the final effluent at the beginning of each new 
cycle reflected the concentration of ammonia in the feed wastewater minus any 
nitrification that took place as the wastewater moved up the oionlter. However, since 
the third biofilter was unaerated before the new cycle, ammonia oxidation was 
unlikely and the concentration of ammonia in the effluent at the beginning of the 
cycle, especially for long CDs, reflected the concentration of ammonia-N in the 
influent wastewater. As the cycle progressed, the aerator effluent mixed with and 
replaced the old wastewater in the final biofilter resulting, in an observed decrease in 
the concentration of ammonia in the final effluent. 
Analysis of the experimental data for ammonia-N suggests that the transition period 
lasted for an extended period oftime, longer than the EBRT. However, the majority 
of this transition ;:was completed within approximately three hours for both the 100 
ml/min and the 200 ml/min experiments. As a result, the system remained in transition 
during the shorter CDs. For cycles with intermediate durations, the transition period 
occupied a significant part of the CD. For longer CDs, the transition period occupied 
a decreasing fraction of the CD with increasing CD. As expected, the transition 
period was shorter for· the 200 ml/min experiments due to the increased flow rate 
(Figures 5.7 and 5.8). This confirmed the near plug flow characteristics ofthe flow in 
the individual biofilters of the system. 
The TOC and ammonia-N loading to the second biofilter almost doubled during the 
200 ml/min experiments. Unlike the 100 ml/min experiments, and although both the 
TOC and ammonia-N loadings increased to the second biofilter during the 200 ml/min 
experiments, significant removal of TOC in the first biofilter resulted in reduced TOC 
concentrations entering the second biofilter. Nevertheless, the size ofthesecond 
biofilter and the presence of actively aerated biomass were enough to absorb this 
impact without a deterioration in the nitrification activity (Figure 5.8). The resulting 
effluent quality from the second biofilter was generally less than 1 mg/1 ammonia-N 
and less than 5 mg/1 TOC. 
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Figure 5. 7 Ammon ia-N transformations with time vs. CD for the 1 00 mllmin 
experiments 
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experiments 
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The data presented in Table 5.2 indicate that the overall nitrification efficiency 
increased as the CD increased. This improvement, however, was mainly a result of 
the hydraulic characteristics of the system. For example, the final effluent contained 
high levels of ammonia-N during the transition period of any cycle. The frequency of 
occurrence of the transition period decreased as the CD increased, and, as a result, 
the nitrification efficiency in the system increased. In addition, as the CD increased, 
the transition period following the reversal of the flow direction occupied a 
decreasing fraction of the CD, allowing extended periods of uninterrupted and 
efficient nitrification. 
T bl 52 A a e . N mmoma- I 1 • th b" fit t remova s m e 101 ersys em 
100 mllmin experiments2 200 mllmin experiments3 
CD Nitrification Ammonia-N Nitrification Ammonia-N 
(hrs) (%) removed (%) removed 
(mg/hr) (mg/hr) 
0.25 46.3 23.7 
0.5 --- --- 76.1 79.6 
2 56.7 30.6 --- ---
3 64.6 34.6 75.1 77.8 
4 --- --- 78.4 81.8 
6 73.4 41.3 --- ---
9 --- --- 88.7 81.6 
12 79 37.9 84.5 80.6 
15 --- --- 94.9 100.8 
24 85 35.7 93.6 88.9 
48 96.9 53.3 93.3 92.1 
72 96.8 47.6 --- ---
120 --- --- 98.8 100 
1 Based on the mass difference between the influent and effluent. 
2 Transition period assumed to be 3 hours. 
3 Transition period assumed to be 1.3 hours. 
Similarly, the average nitrification rate in the system also increased as the CD 
increased. This resulted due to the fact that the fraction of wastewater treated in all 
three biofilters before discharge increased as the CD increased. The average rate of 
ammonia oxidation during the 200 ml/min experiments was almost double the rate 
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during the 100 ml/min experiments due to increased loading. For the 200 ml/min 
experiments, the system achieved more efficient nitrification results for short CDs 
compared with nitrification during the 100 ml/min experiments. This is mainly due 
to the increased flow rate, which reduced the length of the transition period during 
which partially treated wastewater was discharged in the effluent. 
For the 100 and 200 ml/min experiments, the data indicate that, at the start of each 
cycle, the final effluent contained a mixture feed wastewater with approximately 8.5 
mg/1 ammonia-Nand nitrified effluent wastewater with ammonia-N concentration of 
approximately below 4 mg/1. The ratio of the feed and the nitrified wastewater in the 
effluent was dependent on the CD. For short CDs, the mixture of the two 
wastewaters was intimate and, as a result, the concentration of ammonia-N in the 
effluent reflected the average concentration in the mixture. For longer CDs, the 
mixture consisted of mainly nitrified wastewater with ammonia-N levels below 1 
mg/1. The same analysis applies for the effluent from the first biofilter (Figure 5.9). 
In addition, the levels of ammonia between the starting and the ending levels were 
dependent on the oxygen and TOC availability. Both increased as the CD decreased. 
10~------------------------------------~ 
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-BF1 effluent, 200 mUmin 
-.t.-Final effluent , 100 mUmin 
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CD (hours) 
Figure 5.9 Concentration of ammon ia-N in the aerator influent and the final 
effluent at the start end of the cycle as a function of CD. 
Plotting the nitrification efficiency in the system vs. CD (Figure 5.1 0) for both the 
100 and 200 ml/min experiments indicated that the system was more efficient in 
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terms of nitrification during the 200 ml/min experiments than during the 100 ml/min 
experiments due to the increased biofiltration rate, which minimised the length of the 
transition period. 
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Figure 5.10 Nitrification efficiencies for 100 and 200 ml/min experiments 
The biofilter system was more efficient in removing ammonia-N per CD for the 200 
mllmin experiments by approximately 150 % than for the 100 ml/min experiments, 
and again in this situation the hydraulics of the system governed this improved 
removal rate (Figure 5.11). 
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Figure 5.11 mg Ammon ia-N removed per CD for 100 and 200 ml/min 
experiments 
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5.6 Denitrification 
While little denitrification occurred in the first biofilter, the data in Figures 5.12a, b 
and 5.13a, b and Figures 5.14a, b and 5.15a, b indicate that some denitrification 
occurred in the third biofilter. The denitrification activity in the third biofilter 
continued even though the DO levels in the effluent reached between 4-6 mg/1 within 
few hours following the start of each new cycle. 
For the 100 ml/min experiments, the denitrification did not stop even when the TOC 
level in the influent to the third biofilter decreased to below 5 mg/1. During the 
longer CDs, the rates of denitrification and phosphorus uptake in the biofilter 
simultaneously increased, declined, then virtually stopped. This could have resulted 
from the presence of denitrifying phosphorus-accumulating bacteria in the system. 
The TOC for denitrification appeared to have been provided by an internal source, 
including the TOC stored in the biomass during the phosphorus release phase. In 
summary, the data for the 100 ml/min experiments suggest that the denitrification 
activity in the system was related to the phosphorus activity through sustaining of the 
denitrifying phosphorus bacteria and supply of a source of organic carbon for 
denitrification. 
The data suggested intense denitrification activity in the third biofilter during the first 
six hours of each of the longer cycles. At the start of a new cycle, the third biofilter 
contained some nitrates when the CDs were short but insignificant nitrates during 
longer CDs. Accordingly, conventional denitrification was not reflected in the 
effluent of the third biofilter immediately after the reversal of the flow direction. 
With time, the nitrified effluent from the second biofilter replaced and mixed with 
the old wastewater in the third biofilter providing nitrates for denitrification. For the 
100 ml/min experiments, the denitrification activity declined rapidly between the 
sixth and the eighteenth hour of the longer cycles then declined gradually thereafter. 
Most of this denitrification activity must have occurred in poorly aerated anoxic 
zones ofthe biofilter. 
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experiments 5. 7 Enhanced biological phosphorus activity ' 
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For the longer cycles of the 100 ml/min experiments, the denitrification activity 
increased during the transition period, reached a maximum during the period between 
the fourth and the tenth hours, then declined for the remaining period of the cycle. 
The overall denitrification efficiency was in the range of 9-50% (Table 5.3). 
Denitrification following the transition period generally declined as the CD increased 
and as the time progressed in the individual cycle. 
For the 200 ml/min experiments, the third biofilter was directly aerated and received 
effluent saturated with oxygen from the constantly aerated biofilter. The increased 
aeration to the biofilter could have inhibited dentitrification. The limited 
denitrification activity in the third biofilter did not reflect the phosphorus uptake 
activity and declined long before the phosphorous activity declined. Denitrification 
during the very long CDs, such as the 120 hour cycle, improved in comparison with 
the shorter CDs of the experiments (Table 5.3). The overall denitrification efficiency 
was limited during the 200 ml/min experiments and remained below approximately 
26%. 
Table 5.3 Total inorganic nitrogen-N removals in the biofilter system for the 
1 0 1/ • d 200 1/ • Om mman m mm expenments 
CD 100 ml/min 200 mllmin 
(hrs) experiments experiments 
Denitrifcation Denitrification 
% % 
0.25 27.4 ---
0.5 --- 14.8 
2 50.3 ---
3 33.9 14.7 
4 --- 26.1 
6 53.4 ---
9 --- 8.63 
12 40.5 7.8 
15 --- 7.3 
24 20.7 4.2 
48 32.6 3.8 
72 9.0 ---
120 --- 9.9 
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5.7 Enhanced biological phosphorus activity 
The effect of CD on the performance of the two cyclic biofilters was reflected in the 
level of phosphorus activity. During the 100 ml/min experiments, the phosphorus 
activity in the third biofilter was almost a mirror image of the phosphorus activity in 
the first biofilter. Biomass saturation with phosphorus in the third biofilter occurred 
during the long CDs as a result of extended phosphorus uptake. Similarly, biomass 
depletion occurred in the first biofilter as a result of extended phosphorus release. In 
the first biofilter, the TOC removal declined as the rate of phosphorus release 
declined with phosphorus depletion. In the third biofilter, the denitrification and 
phosphorus uptake activities simultaneously increased, decreased, then virtually 
stopped with phosphorus saturation. The low levels of external TOC supplied to the 
third biofilter limited both the denitrification and phosphorus uptake achievements of 
the system. The lack of active sludge wasting also limited the net phosphorus 
removal capability of the system. 
The phosphorus uptake activity in the third biofilter was limited due to the lack of an 
adequate external organic carbon source to support active biological growth. The 
only source of organic carbon was the reserves stored within the biomass during the 
previous phosphorus release phase and the limited residual carbon source remaining 
in the biofilter at the beginning of the previous phase, which did not last beyond the 
short transition period. 
The CD had a significant impact on the phosphorus activity in the system. In the 
experiments reported in this study for example, the short CDs did not allow the 
establishment of extended anaerobic activity in the first biofilter, which is essential 
for phosphorus release. However, the longer CDs allowed extended periods of 
anaerobic activity in the first biofilter. Saturation and depletion of the phosphorus 
reservoir occurred during the longer CDs that exceeded 12 hours (Figure 5.16a, b). 
In general, the phosphorus release activity in the first biofilter during the 100 ml/min 
experiments increased as the DO and N03-N levels decreased during the transition 
period following the start of each new cycle (Figure 5.16a, b). The initial rate of 
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phosphorus release was relatively high for all cycles. For cycles shorter than six hours 
in duration, the phosphorus release activity did not decline throughout the cycle. For 
the 12 hour cycle, the rate of phosphorus release activity stabilised after six hours then 
started to decline towards the end of the cycle. When the CD was less than 12 hours, 
the phosphorus release activity lasted from the start to the end of the cycle. For the 
24 hour cycle, the release rate declined rapidly after eight hours as the phosphorus 
reservoir within the biomass became increasingly depleted. For the 48 hour cycle, the 
phosphorus reservoir was almost entirely depleted after approXimately 30 hours. 
Similarly, for the 72 hour cycle, the phosphorus reservoir b'ecame depleted after 
approximately 33 hours. In addition, the phosphorus activity was relatively low 
during the 48 and 72 hour cycles compared with the phosphorus activity during the 
six, 12 and 24 hour cycles. 
During the 200 rnllmin experiments, phosphorus release in the first biofilter and 
phosphorus uptake in the third biofilter (Figure 5.17 a, b) increased during the 
transition period in the same manner as for the 100 rnllmin experiments. When the 
CD was less than 12 hours, the phosphorus release and uptake activities lasted from 
the start to the end of the cycle because saturation and depletion did not reduce the 
phosphorus activity. For the longer .. CDs, phosphorus saturation and depletion 
reduced the release arid uptake activities in the first and third biofilters respectively. 
The phosphorus reservoirs were filled up and depleted after 30-33 hours for the 48-
120 hour CDs. In addition, the phosphorus activity wasrelatively low during the 120 
hour cycle. 
The first and third biofilters appeared to be different in their response, the response 
was not a mirror image, as observed during the 100 rnllmin experiments. The 
phosphorus release activity in the first biofilter deteriorated during the longest cycles. 
In the first biofilter, the TOC removal did not decline as the rate of phosphorus 
release declined with depletion. In the third biofilter, the denitrification and 
phosphorus uptake rates did not follow each other as they did during the 100 rnllmin 
experiments. 
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The low levels of external TOC in the third biofilter limited both the denitrification 
and phosphorus uptake achievements of the system. The lack of active sludge 
wasting also limited the net phosphorus removal capability of the system. A 
comparison of the phosphorus uptake activity in the system as a function of the CD is 
presented in Table 5.4. The phosphorus uptake activity was calculated using the total 
of the absolute values of the areas between the curves, representing the concentration 
of phosphorus in the effluents from the first and third biofilters. 
The data indicate that, for the 100 ml/min experiments, the maximum phosphorus 
activity in the system calculated this way was achieved during the 24 hour cycle. The 
data also suggest that the phosphorus activity per unit CD increased, reaching a 
maximum value when the CD was 12 hours then declining as the CD increased above 
12 hours (Table 5.5). For the 200 ml/min experiments, the maximum capacity was 
achieved for the 48 hour CD, and the maximum uptake per unit CD was achieved for 
the 15 hours CD. 
The correlation between the denitrification and phosphorus uptake activity in the 
system for the 100 ml/min experiments is presented in Figure 5.18. The data clearly 
suggest that for the 100 ml/min experiments both activities were related. The 
denitrification and phosphorus uptake activities were not as well related during the 
200 ml/min experiments (Figure 5.19). 
The above discussion suggests that maximising the phosphorus activity requires 
careful selection of the CD. Shorter CDs were not suitable, and longer CDs resulted 
in phosphorus saturation and depletion. Clearly, very long CDs are not practical for 
the following major reasons: (1) due to the practical limit imposed by phosphorus 
saturation and depletion; and (2) theoretically, very long CDs do not permit the 
selection of phosphorus-accumulating bacteria. 
The phosphorus saturation and depletion reflected the need to extract phosphorus 
from phosphorus-rich micro-organisms, for example, through backwashing. The 
major challenges of achieving phosphorous removal in the system included: (1) 
overcoming the deterioration in the performance of the system during the transition 
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period following the start of each new cycle; and (2) wasting excess phosphorus-
saturated biomass following the aeration cycle. Without active sludge wasting, the 
system behaved as a phosphorus reservoir with a limited storage capacity. On the 
other hand, frequent sludge wasting could disrupt the performance of the system. 
Table 5.4 Effect of CD on the phosphorus uptake in the biofilter system for 
the 100 and 200 ml/min experiments 
CD 100 ml/min experiments 200 mllmin experiments 
(hrs) 
Active* Uptake Phosphorus Active* Uptake Phosphorus 
CD (mg) uptake per CD (mg) uptake per 
(hrs) unit CD (hrs) unit CD 
(mg/hr) (mg/hr) 
0.25 0.25 -1.5 -6.0 --- --- ---
0.5 --- --- --- 0.5 1.8 3.6 
2 2 64 32.1 --- --- ---
3 3 115 38 3 36.5 12.1 
4 --- --- --- 4 75.9 18.9 
6 6 326 54.3 --- --- ---
9 --- --- --- 9 278.6 30.6 
12 12 735 61 12 195.8 16.3 
15 --- --- --- 15 558.9 37.2 
24 24 1080 45 24 683.2 28.4 
48 30 765 16 30 981.7 20.4 
72 33 854.6 11.8 --- --- ---
120 --- --- --- 33 516.6 4.3 
*Time before saturation and depletion occurred 
The phosphorus release and uptake activities were related in a near linear trend for all 
the CDs of the 100 and 200 ml/min experiments, except for the last 87 hours of the 
120 hour CD in the 200 ml/min experiments, which appear as negative release values 
in Figure 5.20. The data also indicate that the phosphorus uptake exceeded the 
release activity for the 200 ml/min experiments. However, the system did not 
achieve significant net phosphorus removal due to the lack of phosphorus extraction 
from the system. 
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Table 5.5 Effect of CD on the phosphorus capacity of the biofilter system for 
the 100 and 200 ml/min experiments 
100 ml/min experiments 200 ml/min experiments 
CD 
(hrs) 
0.25 
0.5 
2 
3 
4 
6 
9 
12 
15 
24 
48 
72 
120 
Release2 /CD Uptake3/CD Capacity1 Release2 /CD 
(mg/hr) (mg/hr) (mg) (mglhr) 
-7.80 -6.18 0.0 ---
--- --- --- 0.7 
15.4 32.1 72.0 ---
26.0 38.2 117.0 7.7 
--- --- --- 11.0 
41.7 54.3 312.0 ---
--- --- --- 13.2 
48.6 61.0 672.0 9.0 
--- --- --- 18.4 
33.0 45.0 1380.0 13.8 
10.0 15.9 864.0 9.9 
6.9 11.8 864.0 ---
--- --- --- -12.8 
1 Capacity: area between uptake and release curves. 
2 Release: area under release curve. 
3 Uptake: area under uptake curve. 
Uptake3/CD Capacity1 
(mg/hr) (mg)) 
--- ---
3.6 5.4 
--- ---
12.1 75.0 
18.9 102.0 
--- ---
30.9 300.0 
16.3 204.0 
37.2 552.0 
28.4 720.0 
20.4 936.0 
--- ---
4.3 936.0 
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A comparison of the capacity of the system for phosphorous activity for the 1 00 and 
200 ml/min experiments is presented in Figure 5 .21. The capacity of the system 
increased with increasing CD, to an extent where this activity seemed to level off and 
the accumulation capacity of the system did not vary. The only possible effect, then, 
of such extended periods of aeration/no-aeration could be to a detrimental effect on 
the viability of the phosphorus bacteria itself (Figure 5.22). 
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5.8 Implications 
This study has confirmed that exposing the phosphorus-removing biomass in fixed-
film biofilters to alternating anaerobic/aerobic or anoxic conditions could be used to 
sustain enhanced biological phosphorus activity in such systems. The question of 
how long to expose the biomass to cyclic conditions is an independent variable that 
had a major impact on the activity of the phosphorus-removing biomass in the 
system. 
For short CDs, the biofilter system developed for this study remained aerobic because 
the unaerated biofilter was re-aerated before the residual oxygen was consumed. On 
the other hand, long CDs were required for establishing anaerobic activity in the 
unaerated biofilter. The length of the anaerobic phase increased as the CD increased. 
However, the experimental results confirmed that it was not practical to use extended 
CDs because the phosphorus-removing biomass became saturated or depleted with 
P04-P. 
Theory suggests that infinite cycle durations are not appropriate for the maintenance 
of enhanced biological phosphorus activity in fixed-film biofilters. Accordingly, two 
practical limits exist on the activity ofP04-P removal in cyclic biofilters of this type. 
These are: 
(1) oxygen availability limitations; and 
(2) saturation and depletion of the phosphorus biomass with P04-P. 
Within those two limits, very short CDs result in frequent transition periods. The 
frequency of these transitions decreases as the CD increases. Accordingly, the 
optimum CD is the one that minimises the frequency of the transition periods 
between cycles and during which excessive saturation/depletion does not take place. 
Even though the system achieved significant P04-P activity, the net P04-P removal 
in the system was limited. Achieving net P04-P removal requires extracting P04-P 
from the system, for example, through sludge wasting. Without P04-P extraction, 
the system behaves like a reservoir with limited P04-P capacity. On the other hand, 
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frequent sludge wasting disrupts the performance of the system and is not a simple 
process in fixed-film systems. 
The overall P04-P removal in the system was limited by the limited supplies of an 
easily biodegradable carbon source. The system, nevertheless, achieved significant 
P04-P activity, although the ratio ofTOC/P04-P ratio in the simulated aquaculture 
wastewater influent was approximately 5.2. The TOC/P04-P ratio for domestic 
wastewater is typically above approximately 10 (US.EPA, 1987). 
In terms of achieving denitrification, the opportunity existed only in the third biofilter 
that received the nitrified effluent. However, the nitrified effluent from the second 
biofilter contained little TOC and was saturated with DO, making the third biofilter 
unsuitable for efficient denitrification. This study confirmed that the lack of 
adequate carbon supplies limited the denitrification in the third biofilter because 
efficient denitrification occurred when an external carbon source was added. 
In summary, fixed-film biofilter systems can be designed to achieve carbon removal, 
nitrification, denitrification, phosphorus release, and phosphorus uptake. The 
treatment schemes can be arranged in a manner similar to suspended growth systems. 
However cyclic operation of fixed-film systems is required to achieve P04-P 
removal. An example of a proposed fixed-film BNR system that is potentially 
capable of efficient BNR is presented in Figure 5.23. 
Phosphorus removal in fixed-film systems can be sustained by exposing the biomass 
to alternating unaerated/aerated conditions in time cycles. Efficient nitrification in 
such systems can be achieved by providing adequate aeration following the removal 
of the carbonaceous oxygen demand; while denitrification requires providing 
adequate TOC supplies to the nitrified wastewater. A combined BNR system that 
incorporates biological nitrogen and phosphorus removal can be achieved by 
providing the above conditions in fixed-film systems as well as suspended growth 
systems. For fixed-film systems, providing cyclic operation requires a system 
consisting of modular biofilters connected in series. For the system presented in 
Figure 5.23, the treatment sequence consists of at least two anaerobic biofilters, 
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followed by two anoxic biofilter, and lastly, by two aerobic biofilters in the series. 
The number of biofilters was selected in this case to illustrate the use affixed-film 
biofilters for BNR. However, it is recognised that the number ofbiofilters under 
anaerobic/anoxic/aerobic conditions in a practical application could be different. 
The system in Figure 5.23 consists of six biofilters connected in series. The flow 
sequence in this case is such that the wastewater is first subjected to anaerobic 
conditions, then by anoxic conditions and finally aerobic conditions. The alternating 
conditions (anaerobic/anoxic/aerobic) are performed in time by stopping and starting 
the aeration in a sequence, always introducing the influent into the first anaerobic 
biofilter, and withdrawing the final effluent from the last aerobic biofilter. 
Phosphorus release and the simultaneous uptake of organic substrate occur during the 
anaerobic contact period. During the anoxic contact period, phosphorus uptake and 
denitrification take place; nitrification and phosphorus uptake take place during the 
aerobic contact period. The nitrified effluent is recycled from the last aerobic 
biofilter to the first anoxic biofilter. This cyclic flow arrangement can be arranged 
using automated control valve and pump systems. 
Initially, the system is operated under the arrangement presented in Figure 5.23a for a 
period of time ( L1 t). Following a pre-set period of time ( L1 t), the aeration starts in 
biofilter 4 and stops in biofilter 6. At the same time, the influent is re-introduced into 
biofilter 6, and the final effluent is withdrawn from biofilter 5, with part of the final 
effluent recycled to biofilter 2 (Figure 5.23b). With time, the cycle progresses and 
the aeration/no-aeration conditions, and the arrangement of the influent, final 
effluent, and the internal recycling are changed every (L1 t) period oftime. The 
overall cycle duration, which is defined as the time required for each biofilter to be 
re-exposed to the original conditions, is equal to (6 L1 t), assuming that the time 
intervals are kept equal. 
presented in Figure 5.24. 
The operational schedule for each individual biofilter is 
The full cycle of each biofilter in the system consists of 
two anaerobic periods, two anoxic periods, and two aerobic periods. 
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Unlike the dual cyclic system used in this study, the system described in Figures 5.23 
and 5.24 overcomes the deterioration of the effluent quality following each transition 
phase because the final effluent is always extracted from the last of the four 
phosphorus-uptaking biofilters. As confirmed in this study, achieving net phosphate 
removal requires extracting phosphorus from the system. This can be achieved, for 
example, by removing part of the phosphorus-rich biomass from the system through 
filter backwash. In this case, the best time to backwash a biofilter is at the end of the 
last aerobic phase of its cycle, after it has completed at least four uptake periods 
under anoxic and aerobic conditions. Following backwashing, the biofilter can be re-
introduced into the system to start the new cycle under anaerobic conditions. The 
backwashing schedule can be arranged after one full cycle or a number of full cycles. 
5.9 Denitrification using external TOC 
Following the 100 ml/min and 200 ml/min experiments, it became obvious that the 
denitrification in the biofilter system was limited due to the lack of adequate carbon 
supplies. To confirm this observation, external TOC was added to the third biofilter, 
and five studies were carried out in an attempt to find the best carbon dose that would 
improve the denitrification in the third biofilter. Sodium acetate was injected into the 
influent line feeding the third biofilter at four different flow rates: 5.5, 9.7, 13.8, and 
24 ml/min, including one experiment with no carbon added. As a result, 
denitrification improved in the system. 
5.9.1 Impact of the external carbon supplies on the performance of the 
system 
The withdrawal of aeration and the addition of external carbon to the third biofilter 
reduced the DO levels in this biofilter. In addition, the DO levels declined as the 
quantity of external carbon added to the third biofilter increased. The maximum DO 
(Figure 5.25) dropped in the final effluent from 4.4 mg/1, when no carbon was added 
to 1.2 mg/1, when the carbon source dose reached 24 ml/min (TOC/TIN = 3.0). 
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The performance of the system in terms of denitrification improved with the addition 
of external carbon to sustain the denitrifiers. The denitrification efficiency also 
improved when the aeration was withdrawn from the third biofilter. When no 
external TOC was added, the denitrification efficiency increased from approximately 
7.8% with aeration to 18.4% without aeration. Further improvement in the 
denitrification efficiency occurred when TOC was added. The denitrification 
efficiency increased from 18.4%, when no carbon was added to the third biofilter to 
88.7%, when the supplemental carbon dose reached 24 ml/min (TOC/TIN = 3.0). 
The average rate of denitrification also increased with the increasing organic load. 
The rate increased from approximately 13 mg total inorganic-N/hr of the CD, when 
no carbon was added, to a maximum removal rate of93.7 mg total inorganic-N/hr of 
the CD, when the carbon dose reached 24 ml/min. 
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The addition of increased quantities of TOC into the third biofilter increased the 
TOC level in the final effluent (Figure 5.26). The TOC level in the final effluent 
increased reaching approximately 12.6 mg/1 when the external TOC was supplied at 
24 ml/min (TOC/TIN = 3.0). The maximum concentration ofnitrate-N was reduced 
in the third biofilter effluent from approximately 8 mg/1, with aeration and no 
external TOC addition, to 0.6 mg/1 without aeration and the addition of24 ml/min 
TOC. Similarly, the total inorganic-N in the effluent, following the transition period 
of the cycle, declined from 7.7 mg/1 with aeration and no external TOC to 7.0 with 
aeration and 24 ml/min TOC (Figure 5 .27). The denitrification results confirmed 
that, without external TOC, denitrification in the system was limited by the 
availability of TOC. 
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5.10 Recycle studies using the anaerobic/anoxic/aerobic arrangement 
for enhanced BNR 
Research has shown that denitrifying phosphorus bacteria (DPB) have almost the 
same potential for phosphorus removal as the conventional aerobic phosphorus 
removing bacteria (Kuba et al., 1996). The main advantage of applying the 
anaerobic/anoxic/aerobic arrangement is the saving of TOC and oxygen for the 
overall phosphorus and nitrogen removal process. In such an arrangement, a separate 
aerobic phase is needed for nitrification. In the system employed for this study, the 
slow growing nitrifiers were separated from DPB. 
The results obtained from this study will only be presented as preliminary indicators 
to show the possibility of the usefulness of the anaerobic/anoxic/aerobic 
arrangement. There appeared to be an improvement in terms of the system 
performance for denitrification. However the dilution effects of the recirculation 
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rates need to be considered for all the nutrients studied. The DO was observed to 
decrease in the anoxic biofilter effluent with the recycle of the nitrified effluent 
making it anoxic; while in the final effluent, the DO was 7.6 and 7.2 mg/1 
respectively for the no-recycle and 100% recycle runs 
The mass of ammonia-N removed per cycle was approximately 102 mg/hr for the no 
recycle run, compared to 87 mg/hr for the 100% recycle experiment. The 
nitrification efficiency decreased with the increasing rate of recycle of the nitrified 
effluent to the second anoxic biofilter from 100-88.5% for the 100% run due to the 
increased nitrate load to the constantly aerobic biofilter coming from the anoxic 
biofilter with increasing recycle rate. 
While the denitrification appeared to improve with the recycle of the nitrified effluent 
to the anoxic biofilter, the micro-organisms also appeared to continuously efficiently 
remove TOC. Also, the net TOC removal and the TOC removal efficiency of the 
system increased with increasing recycle rate. The system achieved 3.9% TOC 
removal for the no-recycle run, compared to 23% removal for the 100% recycle run. 
The denitrification rate improved, with the increased recycle rate from a 7.3% when 
no recycling was attempted up to 31% denitrification with 100% recycling. The 
results show the viability of using the fixed-film system under the 
anaerobic/anoxic/aerobic arrangement for improved denitrification, especially in 
terms ofTOC savings efficiency. 
With regards to phosphorus removal, the results ofthe no-recycle and 100% recycle 
runs indicate a decrease in the phosphate removal efficiency with increasing recycle 
rate. The reason for the decline could be attributed to either the insufficient recycle 
of the nitrified effluent to ensure prevalence of anoxic conditions in the anoxic 
biofilter from the third aerated biofilter, or possibly an induced inhibition of 
biological phosphorus release with the recycle of the nitrified effluent. However, the 
observed phosphorus activity results were in accordance with those reported by other 
researchers, who observed a decline in phosphorus uptake activity under anoxic 
conditions compared with aerobic conditions (Sorm et al., 1996; Gerber et al., 1987, 
Kerren-Jespersen and Henze, 1993). 
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Based on the results discussed in this chapter and the literature review and for fixed-
film biological nutrient removal systems the following observations/conclusions 
correlate with and confirm those made from previous fixed-film BNR studies 
reported in the literature cited. This study has thus improved the depth of the 
knowledge about BNR using fixed-film biofilters in the following contribution to the 
application of the knowledge: 
• the limited availability of carbon supply in the influent wastewater limitated 
the phosphorus activity of the system. Phosphorus saturation may occur before 
the end of the aerobic phase which confirms an observation made by Goncalves 
and Rogalla (1992). 
• continuous feeding through the A/0 cycle can be used for optimising the 
applied organic load according to the needs of the biomass during the anaerobic 
phase and phosphorus-P load to be removed during the aerobic phase. The 
residence time and hydraulic detention time in fixed film biofilters are 
independent, thus optimisation of phosphorus release is possible through making 
the readily biodegradable substrate availabe to the biomass and by controlling the 
length of time the biomass is exposed to anaerobic conditions, thus making the 
biofilter system dependent on the quality of the influent, as reported by 
Goncalves and Rogalla (1992). 
• the system developed in this study achieved combined BNR whereas the 
Goncalves and Rogalla (1992). system achieved only combined nitrification and 
phosphorus removal but no denitrification. The organic loads (> 15 kg CODfm3 
anaerobic bed/day) and anaerobic duration caused the same release as weak loads 
and long durations for the same total COD available during anaerobic phase 
• continuous feed systems, such as the one developed for this study, improve the 
phosphorus removal efficiency due to the supply of an unlimited carbon source 
during the anaerobic biological phosphorus removal which can be associated with 
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the different treatment levels required. Also, phosphorus removal can be 
combined with organic matter removal, nitrification or nitrification/denitrification 
((simultaneous P removal (efficiency >60%) and TNK removal efficiency of 
greater than 90%) in the Goncalves et al (1994) study). 
• the influent feed wastewater used in this study had limited carbon supplies, but 
was still able to perform denitrification by the denitrifying phosphorus 
accumulating bacteria, this confirms the Kerrn-Jespersen et al. (1994) study 
where the organic matter taken up by the denitrifying phosphorus accumulating 
bacteria was used both for denitrification and for biological phosphorus uptake 
which is advantageous when wastewater has limited TOC. 
• the biological phosphorus removal efficiency of the system was strongly 
influenced by the characteristics ofthe influent wastewater. 
• this study proved that alternating aerobic and anaerobic conditions did not 
affect the nitrifying bacteria significantly. This is supported by the efficient 
nitrification observed in this system and by the Rogalla et al. (1990) study. 
• denitrification was observed in the anaerobic biofilter during the first phase 
sudy, however the removal efficiencies obtained were strongly influenced by the 
characteristics of the wastewater. A similar observation was reported by Bortone 
et al 1994 who emphasised the importance of adopting strategies for optimal use 
of electron acceptors and donors in biological nutrient removal processes. 
• the phase three optimisation study supported the observation made by Hascoet 
et al (1985) that when the feed COD is low, the micro-organisms use nitrates 
during the anoxic period in order to maintain the normal functioning of their cell 
metabolism. 
• The observed decline in p-uptake during the anoxic phase of the optimisation 
study supports the Carucci ( 1994) reported study that the phosphorus removal 
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efficiency could be affected by the competition for organic substrate between 
phosphorus accumulating bacteria and denitrifying organisms. Gerber et al 
(1987) also reported that phosphate uptake under anoxic conditions was much 
lower than under aerobic conditions which was the observation made during the 
optimisation study. Wanner et al (1992) and Kuba et al (1993) also verified the 
ability of phosphorus removal bacteria to denitri:fy under anoxic conditions 
• the apparent smaller phosphorus uptake under anoxic conditions could have 
stemmed from a combination of phosphorus uptake from one group of bacteria 
(the phosphorus accumulating bacteria) and secondary phosphorus release from 
the other group as suggested by Gerber et al. (1987). 
• the most important finding in this study was confirming the stipulated 
hypothesis that the phosphorus bacteria acts like a reservoir with an expanding or 
shrinking capacity. Maximum phosphorus release during the anaerobic phase 
results in comparatively good phosphorus accumulation in the aerobic biofilter 
(Goncalves et al, 1994). 
• This study confirmed that in order to achieve an effluent with low phosphorus 
concentration, the applied phosphorus load must not exceed the accumulation 
capacity of the fixed-film biomass. Goncalves et al (1992) observed that the 
accumulated weight of phosphorus during the aerobic phase was approximately 
33 percent above the weight released during the previous anaerobic phase. The 
importance of this ratio for fixed film biofilters was noted in this study whereby 
this excess phosphorus storage capacity allowed the biofilter system to be fed 
continuously. 
• This study improved the knowledge base in the area of fixed-film BNR by 
contributing to the knowledge on how the nutrients are transformed with time 
when the biomass in the fixed film biofilter is exposed to alternating 
anaerobic/aerobic or anoxic conditions in a timely sequence and how/when the 
biomass reservoir saturation/depletion phenomenon occurs. A conceptual design 
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of a system that overcomes the limitations of the developed system was proposed 
whereby the deterioration of the effluent quality following the transition period 
could be overcome. The saturation/depletion phenomenon and the requirement 
for frequent need for back-washing was also observed and the conceptual design 
suggested a series of biofilters operated under the alternating mode was 
condidered to overcome the down time needed in the conventional systems 
during this backwash process and to overcome the time needed for the biomass 
re-attachment and steady state conditions to prevail in the biofilter system was 
proposed. 
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6.0 SUMMARY OF RESULTS, CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE STUDIES 
6.1 Performance of the fixed-film BNR system - General 
A three-stage biofilter system has been developed for BNR. The first and third 
biofilters in the system were operated under alternating anaerobic/aerobic conditions 
in a time sequence, and the wastewater flow always introduced into the anaerobic 
biofilter. The system was automated using ball control valves connected to a 
programmable timer. The duration of the aerated/non-aerated cycle in each biofilter 
(cycle duration) provided an independent process control parameter that is unique to 
fixed-film BNR systems. The results confirmed that the cycle duration can be 
controlled to optimise BNR in the system. 
The following general trends characterised the performance of the system: 
• During the transition period following the start of a new cycle, the new influent to 
each biofilter started to replace the old influent. Also, the environmental 
conditions changed in terms of oxygen availability. The water quality in the 
effluent from the first biofilter exhibited the following general trends during the 
transition period: TOC, P04-P, and NH4-N increased, while N03-N and DO 
decreased as the cycle progressed. This transition water quality reflected the 
following: (1) the introduction of feed wastewater containing TOC, P04-P, and 
NH4-N; (2) phosphorus release; (3) lack of aeration; and ( 4) the introduction of 
feed wastewater containing no nitrates. The opposite trend occurred in the 
effluent from the third biofilter; TOC, P04-P, and NH4-N decreased, while N03-
N and DO increased as the cycle progressed. This trend reflected: (1) the 
introduction of water from the middle biofilter containing low levels of TOC and 
NH4-N and high levels of N03-N and DO; and (2) phosphorus uptake. The 
effluent from the second biofilter contained low levels ofTOC and NH4-N. The 
P04-P level in the effluent from the second biofilter reflected the P04-P level in 
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the influent from the first biofilter, and the N03-N levels reflected the 
nitrification activity. 
• The environmental conditions (i.e., the availability of oxygen) created through 
varying the CD had significant impacts on the performance of the system. 
• The hydraulic characteristics of the submerged biofilter system (hydraulic 
residence time, flow characteristics in the biofilters (plug flow in the case of this 
study)), affected the water quality in the effluent from each biofilter, especially 
during the transition period following the start of each new cycle. 
• Based on the results presented in this study, the following previously confirmed 
advantages were recognised for fixed-film combined nutrient removal systems: 
• independent control of the hydraulic residence time and the biomass 
retention time in the system; 
• independent control of the anaerobic/aerobic cycle time, which allows 
optimising phosphorus removal in the system; 
• unlike suspended growth systems, strict anaerobic conditions can be 
achieved in fixed-film systems; 
• the high solids retention time in such systems allow for more efficient 
phosphorus and nitrogen removal; 
• absence of sludge recycling problems; and 
• reduced sludge production. 
• However, it was recognised that fixed-film BNR systems suffer from the 
following limitations: 
• the need for frequent backwashing to remove phosphorus-saturated micro 
organisms from the system. This can lead to frequent interruption of 
operation; 
• the need for elaborate operational procedures to achieve uniform effluent 
quality during continuous operation; and 
• the transition period between cycles leading to unsteady operation. 
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6.2 Transformations of dissolved oxygen 
The initial impact of varying the CD was modified oxygen availability within the 
unaerated biofilter. The DO trends in the cyclic biofilters were as follows: 
• Oxygen availability within the unaerated biofilter decreased as the CD increased 
for the biofiltration rates tested in the study. 
• For a short CD approaching zero, such as the 0.25 hours in the 100 m1/min 
experiments and 0.5 hours in the 200 ml/min experiments, the environmental 
conditions within the unaerated biofilter remained aerobic as the biomass was re-
aerated before the residual oxygen was consumed. For the 1 00 ml/min 
experiments, the DO in the unaerated biofilter remained above 4 mg/1 for the CD 
= 0.25 hours and above 2 mg/1 for the CD = 0.5 hours during the 200 ml/min 
experiments. 
• Longer CDs permitted the establishment of extended anaerobic conditions within 
the unaerated biofilter. An infinite CD corresponds to a situation in which the 
aerated biofilter remains aerobic and the unaerated biofilter remains anaerobic. 
• For the 100 mllmin experiments, the DO in the unaerated biofilter for the CD= 
72 hours remained below 1 mg/1 from the 4th hour to the end of the cycle. The 
same observation was made for the 200 mllmin experiments when the CD= 120 
hours: the DO in the first biofilter remained below 1 mg/1 from the first hour until 
the end of the cycle. 
• During the 100 mllmin experiments, the availability of oxygen in the system had 
a major impact on its performance. Significant phosphorus release occurred 
when the DO levels decreased, allowing the establishment of anaerobic activity in 
the first biofilter. Efficient nitrification occurred in the second biofilter, which 
was constantly aerated. Finally, phosphorus uptake and limited denitrification 
occurred in the third biofilter, which was not directly aerated during the 100 
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mllmin experiments but received au saturated with oxygen from the second 
biofilter. 
• For the 200 ml/min experiments, without the supplemental aeration, the DO in 
the effluent from the third biofilter did not exceed approximately 2 mg/1 
following the transition period, even though the influent was saturated with DO. 
With the introduction of additional aeration, it quickly established aerobic 
conditions following the transition period. 
• In general, and for all CDs during the 200 ml/min experiments, the DO dropped 
within the first two hours to below 2 mg/1 in the first biofilter as a result of the 
consumption of the residual oxygen from the previous cycle. The DO levels 
increased to above 5 mg/1 within two hours in the third biofilter. 
• A hypothetical conclusion could be drawn that neither of the two CD extremes 
(zero and infinity) favours enhanced biological phosphorus removal (EBPR). 
• A conclusion from the supplemental aeration results is that additional aeration 
was required to quickly establish aerobic conditions following the transition 
period. 
6.3 TOC removal 
TOC removal during the transition period was related to aerobic biological activity, 
anaerobic biological activity including TOC removal for phosphorus release and 
anaerobic TOC removal by the denitrifying micro-organisms. The following 
observations were made: 
• For both the 100 and 200 ml/min experiments, following the transition period of 
CDs longer than the EBRT, the TOC removal in the first biofilter occurred 
mostly under anaerobic conditions. 
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• In addition to removing the TOC received from the first biofilter, which varied in 
the range of 5-48 mg/1 and 1-31 mg/1 for the 100 and 200 ml/min experiments 
respectively, the second biofilter achieved efficient nitrification during all CDs. 
This suggested that the TOC removal occurred in the lower parts and nitrification 
occurred in the upper parts of the upflow second biofilter. The TOC entering the 
second biofilter was reduced to low levels, generally below 5 mg/1. 
• The TOC discharged in the effluent from the third biofilter immediately after the 
switch to a new cycle varied in the range of 25-50 mg/1 for the 100 ml/min 
experiments; while the TOC discharged in the third biofilter effluent for the 200 
ml/min experiments immediately after the switch to a new cycle varied in the 
range of 15-30 mg/1. 
The following conclusions were drawn from the results of the study: 
• TOC removal in the third biofilter for both the 100 and 200 ml/min experiments 
was negligible following the transition period. 
• The TOC removal in the first biofilter for the 100 ml/min experiments reflected 
the phosphorus release activity whereby the TOC removal and phosphorus release 
activities simultaneously increased, decreased and virtually stopped, indicating 
that the TOC was mainly consumed by the phosphorus-releasing micro-
orgamsms. 
• The TOC removal during the 200 ml/min experiments in the first biofilter 
continued after the phosphorus release activity virtually stopped. This suggested 
that the TOC removal in this biofilter was not fully linked to the phosphorus 
release activity, and that the TOC removal was achieved, in part, by other 
anaerobic biological activity caused by the increased biofiltration rate. 
• For the 100 ml/min experiments, the TOC removal in the first biofilter remained 
below 18% for the 48 and 72 hours CDs; while for the 200 ml/min experiments, 
the TOC removal in the first biofilter remained below 50% for the 48 and 120 
hours CDs. 
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• For the 200 ml/min experiments, the higher organic loading caused by the higher 
flow rate did not inhibit the nitrification in the second biofilter, which confirmed 
that this biofilter had adequate capacity for TOC removal and for nitrification. 
• The overall TOC removal in the system was high during the very short CDs 
(when all three biofilters in the system remained aerobic), such as the 0.25 and 
0.5 hour CDs of the 100 and 200 ml/min experiments respectively, reaching 
approximately 88.6 and 91% respectively. 
• Improved overall TOC removal in the system for the 1 00 mllmin experiments, 
required longer CDs, which minimised the frequency of transitions following the 
start of each new cycle. On the other hand, the average overall TOC removal 
efficiency was higher during the shorter CDs during which all three biofilters in 
the system remained aerobic. The overall TOC removal in the system for all 
cycles exceeding three hours of the 100 ml/min experiments remained above 
85%. The overall TOC removal in the system for all cycles tested during the 200 
mllmin experiments exceeded approximately 90%. 
• Improved overall TOC removal efficiency in the biofilter system required longer 
CDs, which minimised the frequency of transition following the start of each new 
cycle. 
• The TOC removal in the first biofilter for the 100 ml/min experiments declined 
as the time progressed during any of the cycles tested. The TOC discharged in 
the effluent from the first biofilter increased, reflecting the decline in TOC 
removal. The discharged TOC levels reached approximately 40-50 mg/1 for the 
48 and 72 hours CDs. 
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6.4 Phosphorus release and uptake 
• This study confirmed that exposing the biomass to alternating anaerobic/aerobic 
conditions in cycles can be used to maintain phosphorus activity in fixed-film 
systems. 
• Phosphorus uptake was limited in the system in part by the limited TOC supplies, 
but was still possible using internal carbon reserves in the biomass. The lack of 
active sludge wasting also limited the net phosphorus removal capability of the 
system. 
• The phosphorus uptake activity in the third biofilter was limited due to the lack of 
an adequate external organic carbon source to support active biological growth. 
The only source of organic carbon was the reserve stored within the biomass 
during the previous phosphorus release cycle and the limited residual carbon 
source remaining in the biofilter at the beginning of the cycle, which did not last 
beyond the short transition period. 
• In general, the phosphorus release activity in the first biofilter increased as the 
DO and N03-N levels decreased during the transition period following the start of 
each new cycle. The initial rate of phosphorus release was relatively high for all 
cycles. 
• Phosphorus release and uptake activities were related during the 100 mllmin 
experiments but not as closely for the last 87 hours of the 120 hrs CD in the 200 
ml/min experiments. However, the system for both experiments did not achieve 
a significant net phosphorus removal due to the lack of phosphorus extraction 
from the system. 
• The hypothesised effect of CD on BNR in fixed-film systems has been 
demonstrated by this study, especially in terms of the phosphorus reservoir 
saturation and depletion. 
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• The saturation/depletion phenomenon imposes a practical limit on how short/long 
the CD can be. The length of the CD should be somewhere just before saturation 
or depletion begins. 
• The phosphorus saturation and depletion phenomenon reflected the need to 
extract phosphorus from the phosphorus-rich micro-organisms (for example 
through back-washing). The major challenges of achieving phosphorus removal 
in the system included: 
(1) overcoming the deterioration in the performance of the system during the 
transition period following the start of each new cycle; and 
(2) wasting excess phosphorus-saturated biomass following the aeration 
cycle. 
• The effect of CD on the performance of the individual biofilters reflected the 
level of phosphorus activity. The short CDs did not allow the establishment of 
extended anaerobic conditions essential for phosphorus release due to the fact 
that the first biofilter in the cycle remained aerobic. The longer CDs allowed 
extended time, which resulted in saturating the biomass with phosphorus in the 
third biofilter as a result of extended phosphorus uptake, and depleting the 
reservoir in the first biofilter as a result of extended phosphorus release. 
• The phosphorus activity in the system increased as the CD increased up to 24 
hour CD for the 1 00 ml/min experiments and 48 hour CD for the 200 ml/min 
experiments, then declined during the longer CDs for both the 100 and 200 
ml/min experiments. 
• Saturation/depletion of the phosphorus biomass reservoir occurred during the 
longer CDs, which exceeded 12 hours for the biofiltration rates tested in this 
study. For cycles shorter than 6 hours in duration, the phosphorus release activity 
did not decline throughout the cycle. 
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• For the 100 ml/min experiments, the maximum phosphorus activity in the system 
was achieved during the 24 hours CD while the maximum phosphorus activity 
per hour of the CD was achieved during the 12 hours CD. 
• For the 200 ml/min experiments, the maximum phosphorus activity was achieved 
during the 48 hours CD while the maximum phosphorus activity per unit CD was 
achieved for the 15 hours CD. 
• Maximising the phosphorus activity requires careful selection of the CD. Shorter 
CDs were not suitable, and longer CDs resulted in phosphorus saturation and 
depletion. Clearly, very long CDs are not practical for the following major 
reasons: 
(1) due to the practical limit imposed by the phosphorus saturation and 
depletion; and 
(2) theoretically, very long CDs do not permit the selection of phosphorus 
accumulating bacteria. 
• The optimum CD is the one that minimises the frequency of the transition period 
and during which excessive saturation/depletion of the bacterial reservoir does 
not take place. 
6.5 Nitrification 
• The system achieved ammonia-N oxidation mainly in the second biofilter, or the 
aerator. 
• The conditions in the two cyclic biofilters (the first and third) were not suitable 
for supporting nitrification. In the first biofilter, the lack of oxygen and the high 
TOC/ammonia-N ratio prevented any significant nitrification from occurring 
while the third biofilter received the already nitrified effluent from the second 
biofilter. 
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• The overall nitrification efficiency increased as the CD increased. This 
improvement, however, was mainly a result of the hydraulic characteristics of the 
system. This resulted from the fact that the rate of discharge of the wastewater 
treated in all three biofilters increased as the CD increased, due to the reduction 
of the frequency of the transition periods. Due to the lack of significant 
nitrification, the concentration of ammonia-N in the first and third biofilters for 
the 100 and 200 ml/min experiments was shaped by the hydraulic characteristics 
of the system. 
• The major impact of the CD on nitrification in the second biofilter could have 
resulted from the increased level of TOC entering the second biofilter during the 
longer CDs. However, the size of the second biofilter and the presence of active 
biomass were enough to absorb this impact without a deterioration in the 
nitrification activity in the biofilter. 
• The overall nitrification efficiency in the biofilter system was higher for the 200 
ml/min experiments than for the 100 mllmin experiments. The nitrification 
efficiency during the 200 ml/min experiments exceeded approximately 78% for 
all CDs tested. This is because of the increased flow rate, which reduced the 
length of the transition period during which the partially treated wastewater was 
discharged in the effluent. However for the 100 ml/min experiments, nitrification 
in the system for the short CDs reached approximately 50% for all CDs. 
• In terms of nitrification in the biofilter system used in this study, the optimum CD 
is the one that minimised the frequency of the transition period. The frequency of 
transition periods decreased as the CD increased. 
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6.6 Denitrification 
• Denitrification following the transition period in the third biofilter occurred in 
poorly aerated sections of the biofilter and generally declined as the CD increased 
and as the time progressed in the individual cycle. 
• Denitrification activity in the third biofilter during the 100 ml/min experiments 
continued even though the DO level in the effluent of the third biofilter reached 
between 4-6 mg/1 within few hours following the start of each new cycle. The 
denitrification did not stop even when the TOC level in the biofilter decreased to 
below 5 mg/1. 
• During the long CDs of the 100 ml/min experiments, the denitrification and the 
phosphorus uptake activities simultaneously increased, declined, then virtually 
stopped. This could have been a result of sustaining the denitrifying phosphorus 
bacteria and supplying the TOC for denitrification from an internal source 
including the TOC stored in the biomass during the phosphorus release phase. 
Denitrification and phosphorus uptake during the 200 ml/min experiments were 
not directly related. 
• The overall denitrification efficiency of the system for the 100 and 200 ml/min 
experiments generally increased for cycles with durations less than approximately 
12 hours and decreased with the CD for the cycles with durations above 12 hours. 
Denitrification following the transition period generally declined as the CD 
increased and as time progressed in the individual cycle. 
• For the 100 ml/min experiments, the overall denitrification efficiency in the 
system was in the range of 9-53%. For the 200 ml/min experiments, the overall 
denitrification efficiency in the system was limited to a maximum of 
approximately 26%. 
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• The low levels of external TOC in the third biofilter limited the denitrification 
achievement of the system. The addition of an external carbon source (acetate) to 
the third biofilter resulted in improved denitrification efficiency in the system 
during the 200 ml/min experiments, with the CD maintained at 12 hours. The 
denitrification efficiency increased from 18.4%, when no carbon was added to the 
third biofilter (TOC/TIN = 0), to 88.7%, when the supplemental carbon dose 
reached 24 ml/min (TOC/TIN = 3.0). 
• For the 200 ml/min experiments and CD = 12 hours, the average rate of 
denitrification increased, with increasing organic carbon supply to the third 
biofilter. The rate increased from approximately 13 mg total inorganic-N/hr of 
the CD, when no carbon was added, to a maximum removal rate of93.7 mg total 
inorganic-N/hr of the CD, when the carbon dose to the third biofilter reached 24 
ml/min. 
• For the 200 ml/min experiments and CD= 12 hours, the denitrification efficiency 
also improved when the aeration was withdrawn from the third biofilter. When no 
external TOC was added, the denitrification efficiency increased from 
approximately 7.8% with aeration to 18.4% without aeration. 
6.7 Recommendations for future studies 
In response to the needs for smaller systems as a substitute or as a supplement to the 
activated sludge system, several fixed-film biological treatment systems have been 
considered world-wide. Biological aerated filters (BAF's) have been reported to be 
used extensively in Europe. Although, full-scale facilities are available for the 
removal of carbonaceous matter and nitrogen using multiple cells, phosphorus 
removal is accomplished chemically or with other processes in suspended growth 
systems. A lot of questions were raised in this study that dealt mainly with wasting 
the excess phosphorus saturated biomass following the aeration cycle, have to be 
dealt with in future studies. 
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The study provided an insight into how the fixed film system developed for the 
purpose of the study functions when the biomass is exposed to alternating 
anaerobic/aerobic or anaerobic/anoxic conditions in cycles. The following 
suggestions/additions would be helpful for future studies using such a system: 
• Fixed-film BNR studies have not received the full attention they require, as there 
are a limited number of reported studies. Such systems are at the early stages of 
development and additional research is required to investigate their full potential. 
• Phosphorus removal requires sludge wasting. Without wasting of sludge, fixed-
film BNR systems behave like a reservoir. Frequent sludge wasting and back-
washing, however, destabilise these systems and affect their performance. Sludge 
harvesting (stripping) procedures should be tried where series ofreactors are 
used, as proposed in the implications section of Chapter 5. The procedure 
requires stripping the last biofilter in the series, which is aerobic/anoxic (at the 
end of a cycle or two cycles), and feeding the last biofilter with a high COD 
source, thus stripping it from its phosphate. The reverse could be done to the first 
biofilter in the series, in the backward direction, when it is under aerobic/anoxic 
mode of operation. 
• To fully confirm the effect of cycle duration in fixed-film biofilter systems, it is 
recommended that the performance of the system utilised in this study be further 
investigated at other hydraulic and organic loading rates. 
• The system should be redesigned in such a way to enable it to take the extra load 
of a re-circulation line from the nitrified effluent to the anoxic biofilter in an 
anaerobic/anoxic/aerobic arrangement. 
• The compositional and physical changes of the biomass with the change of the 
hydraulic characteristics need to be further studied. 
• Oxygen penetration level into the biomass, and biomass compositional changes 
with the fluctuating levels of TOC, DO, and arnmonia-N entering the biofilter 
system during the various CDs. 
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• Biomass slough-off with changing DO levels and the hydraulic characteristics on 
phosphorus removal. 
• Methods to waste sludge and backwash to enhance phosphorus removal. 
• The effect of different media available for fixed-film growth. Recent literature 
indicates tiny sponge media could be used to reduce CBOD, nitrogen and 
ammonia-N in activated sludge basins. 
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Appendix A - Experimental Data 
Experimental Data A-1 
CD = 0.25 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.32 0.00 0.12 8.45 1.70 49.55 8.42 2.56 2.28 0.10 4.93 4.90 5.38 6.58 
0.08 8.32 0.00 0.15 8.48 1.60 49.15 8.42 2.35 1.79 0.07 4.21 4.10 5.42 7.31 
0.16 8.72 0.00 0.14 8.86 1.40 49.35 8.28 3.00 1.69 0.09 4.78 3.00 5.71 7.16 
0.25 8.72 0.00 0.14 8.86 1.40 49.35 8.28 3.24 1.79 0.16 5.19 4.10 6.46 6.79 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.28 4.25 0.02 4.54 8.40 6.52 9.44 5.59 1.48 0.04 7.10 4.60 5.94 7.15 
0.08 0.07 3.79 0.01 3.88 8.30 8.38 9.16 4.30 1.20 0.08 5.59 4.10 5.31 8.45 
0.16 0.38 4.06 0.02 4.47 8.40 8.50 9.41 4.92 1.58 0.05 6.55 3.90 5.85 8.30 
0.25 0.07 3.54 0.02 3.63 8.40 7.37 9.54 3.49 2.15 0.12 5.75 3.60 5.43 7.83 
CD= 2 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P I 
0.00 8.54 0.00 0.15 8.69 1.60 49.90 8.73 1.06 1.53 0.07 2.66 4.00 4.42 3.10 I 
0.50 8.54 0.00 0.15 8.69 1.60 49.90 8.73 2.00 0.74 0.15 2.88 0.90 4.85 5.00 I 
1.00 8.54 0.00 0.14 8.68 1.40 49.70 8.58 3.67 0.00 0.03 3.71 0.40 13.75 8.80 I 
1.50 8.54 0.00 0.14 8.68 1.40 49.70 8.58 5.30 0.00 0.02 5.32 0.30 16.27 10.20 1 
2.00 8.86 0.00 0.14 9.00 1.40 48.28 8.99 6.00 0.01 0.02 6.03 0.30 17.99 14.00 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N NOrN Total N DO TOC P04-P I 
0.00 0.84 3.42 0.03 4.29 8.00 3.88 8.00 5.94 0.01 0.02 5.96 0.30 3.88 14.oo 1 
0.50 0.84 2.69 0.02 3.55 8.00 4.81 7.90 4.85 0.20 0.10 5.15 4.00 4.81 12.oo 1 
1.00 0.95 2.54 0.01 3.50 8.20 4.94 7.00 3.50 0.41 0.12 4.04 4.50 4.94 8.90 I 
1.50 0.74 2.33 0.02 3.09 8.10 4.31 7.30 2.10 0.78 0.14 3.02 4.50 4.31 6.50 I 
2.00 0.74 2.39 0.02 3.14 8.00 3.90 8.00 1.06 1.38 0.14 2.58 4.50 3.90 3.50 I 
Experimental Data A-2 
CD= 3 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.30 0.71 0.15 9.17 1.60 48.86 8.55 0.80 1.98 0.03 2.81 5.00 4.38 4.58 
0.50 8.30 0.71 0.15 9.17 1.60 48.66 8.55 1.30 1.40 0.11 2.81 1.40 8.78 5.00 
1.00 8.64 0.36 0.15 9.14 1.40 48.56 8.50 3.51 0.30 0.07 3.88 0.60 13.06 7.86 
1.50 8.64 0.36 0.15 9.14 1.40 47.47 8.50 5.40 0.00 0.01 5.41 0.40 15.04 11.00 
2.00 8.64 0.26 0.14 9.03 1.40 48.44 8.55 7.10 0.00 0.01 7.11 0.50 18.01 11.92 
2.50 8.64 0.26 0.14 9.03 1.40 46.29 8.55 7.80 0.00 0.00 7.80 0.40 19.34 13.60 
3.00 8.30 0.09 0.13 8.52 1.30 46.68 8.55 8.30 0.00 0.01 8.31 0.40 21.06 14.63 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.78 5.76 0.05 6.59 8.60 4.19 9.33 8.31 0.00 0.01 8.32 0.40 19.97 15.48 
0.50 0.47 4.42 0.01 4.89 8.40 4.63 9.41 6.80 0.50 0.08 7.38 4.00 19.39 14.40 
1.00 0.67 3.97 0.02 4.65 8.80 4.12 7.64 5.20 0.98 0.14 6.33 5.00 3.90 11.90 
1.50 0.67 3.52 0.03 4.22 8.30 4.38 7.81 2.62 1.25 0.15 4.01 5.00 5.27 9.70 
2.00 0.42 4.02 0.06 4.49 8.80 4.70 9.00 1.10 1.50 0.15 2.75 5.00 3.93 6.00 
2.50 0.50 3.87 0.06 4.43 8.90 5.46 9.36 0.80 1.71 0.15 2.66 5.20 4.01 5.00 
3.00 0.60 4.57 0.07 5.23 8.90 5.50 9.33 0.80 1.95 0.14 2.89 5.30 4.28 4.95 I 
Experimental Data A-3 
CD= 6 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 9.30 0 0.03 9.33 3.20 46.73 8.52 0.56 2.50 0.32 3.38 6.00 4.90 4.85 
1.00 9.30 0 0.03 9.33 1.80 45.35 8.43 4.00 0.50 0.03 4.53 1.30 14.20 10.00 
2.00 9.35 0 0.03 9.38 1.80 43.77 8.71 6.70 0.00 0.00 6.70 0.40 17.26 14.00 
3.00 9.35 0 0.01 9.36 1.30 43.77 8.73 8.30 0.00 0.00 8.30 0.50 20.61 16.15 
4.00 9.74 0 0.01 9.75 1.70 44.17 8.26 9.00 0.00 0.00 9.00 0.40 20.71 17.01 
5.00 9.35 0 0.02 9.36 1.00 43.97 8.22 9.10 0.00 0.00 9.10 0.40 21.10 17.20 
6.00 9.35 0 0.01 9.36 0.80 42.20 8.22 9.20 0.00 0.00 9.20 0.30 21.39 17.38 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P • 
0.00 0.59 7.73 1.54 9.86 8.60 3.84 16.10 9.32 0.00 0.01 9.33 1.00 21.33 17.48 
1.00 0.88 5.01 0.31 6.20 8.40 4.19 12.74 5.04 1.13 0.15 6.32 5.20 7.06 11.65 
2.00 0.45 4.93 0.49 5.87 8.10 4.07 14.04 1.99 1.90 0.20 4.09 6.00 4.04 7.54 
3.00 0.55 5.39 0.76 6.70 8.30 5.15 13.89 0.88 2.45 0.11 3.44 6.00 4.08 5.04 
4.00 1.25 5.39 1.00 7.64 8.00 5.00 15.24 0.55 2.57 0.07 3.19 6.40 3.78 4.85 
5.00 1.25 7.09 1.09 9.43 8.40 5.04 15.50 0.77 2.58 0.10 3.45 6.40 2.51 4.84 
6.00 0.88 6.82 1.13 8.82 8.40 4.52 16.08 0.55 2.61 0.03 3.19 6.30 2.84 4.84 
Experimental Data A-4 
CD= 12 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
N 
0.00 8.91 0.06 0.14 9.11 0.50 49.46 8.60 0.78 4.84 0.00 5.63 6.50 5.16 6.97 
1.00 9.26 0.00 0.13 9.40 --- 49.16 8.55 3.50 1.88 0.53 5.91 --- 11.74 10.00 
2.00 9.26 0.02 0.13 9.41 0.50 47.97 8.50 7.06 0.22 0.16 7.44 0.90 19.11 12.90 
4.00 8.91 0.00 0.10 9.01 0.60 47.97 8.55 8.57 0.00 0.00 8.58 0.40 20.15 16.85 
6.00 9.26 0.00 0.07 9.33 0.90 47.37 8.50 8.90 0.00 0.01 8.91 0.40 20.75 17.91 
8.00 8.91 0.00 0.08 8.99 0.60 46.77 8.50 8.91 0.00 0.01 8.92 0.30 20.36 17.85 
10.00 8.91 0.00 0.06 8.97 0.60 46.57 8.44 8.91 0.00 0.00 8.91 0.30 20.78 17.53 
12.00 8.91 0.00 0.08 8.99 0.80 43.79 8.41 8.91 0.00 0.01 8.92 0.30 21.45 17.00 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
N 
0.00 0.72 8.08 0.17 8.96 9.90 2.80 15.85 8.89 0.08 0.03 9.01 0.30 20.08 17.53 
1.00 0.60 6.28 0.05 6.93 --- 3.02 12.10 6.00 1.30 0.69 7.99 --- 9.70 14.82 
2.00 0.60 5.70 0.07 6.37 9.50 4.71 11.78 2.36 2.10 0.36 4.82 5.90 5.45 10.07 
4.00 0.54 6.20 0.15 6.89 9.40 5.07 12.90 1.18 2.56 0.19 3.93 6.20 3.33 5.20 
6.00 0.60 7.80 0.18 8.58 9.70 5.77 15.43 0.50 2.66 0.03 3.20 6.30 2.85 4.58 
8.00 0.52 8.30 0.19 9.01 9.80 5.67 15.85 0.16 3.36 0.02 3.54 6.30 2.48 4.44 
10.00 0.40 8.50 0.21 9.11 9.90 5.04 15.52 0.16 4.30 0.01 4.47 6.40 2.21 6.12 i 
12.00 0.35 8.50 0.21 9.06 9.70 3.00 15.38 0.15 4.70 0.01 4.86 6.40 2.32 6.97 i 
Experimental Data A-5 
CD= 24 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.62 0.00 0.13 8.75 1.90 50.13 8.50 0.30 7.14 0.00 7.44 7.00 2.44 9.51 
1.00 8.95 0.00 0.14 9.09 1.90 50.13 8.50 3.50 3.13 0.80 7.43 1.00 7.07 11.50 
2.00 8.62 0.00 0.14 8.76 1.80 50.74 8.50 7.30 0.11 0.33 7.74 0.40 12.13 16.86 
3.00 8.70 0.00 --- 8.70 1.50 --- 8.50 7.80 0.00 0.00 7.80 0.30 --- 17.77 
4.00 8.62 0.00 0.13 8.75 1.50 49.82 8.50 7.99 0.00 0.00 7.99 0.30 19.31 18.00 
6.00 8.62 0.00 0.13 8.75 0.50 47.78 8.50 8.62 0.00 0.02 8.64 0.30 21.75 18.10 
8.00 8.62 0.00 0.11 8.72 0.30 47.58 8.50 8.62 0.00 0.00 8.62 0.40 23.50 17.70 
10.00 8.95 0.00 0.09 9.04 0.40 46.97 8.50 8.62 0.00 0.00 8.62 0.40 25.00 16.30 
12.00 8.62 0.00 0.09 8.71 0.30 44.32 8.50 8.62 0.00 0.00 8.62 0.30 26.00 15.51 
14.00 8.62 0.00 0.12 8.73 --- 49.09 8.50 8.62 0.00 0.00 8.62 --- 28.00 13.50 
16.00 8.70 0.00 0.11 8.70 --- 49.09 8.50 8.62 0.00 0.00 8.62 --- 29.00 13.00 
18.00 8.70 0.00 0.11 8.70 --- 47.09 8.50 8.62 0.00 0.00 8.62 --- 29.00 12.00 
20.00 8.90 0.00 0.11 8.90 --- 47.09 8.50 8.62 0.00 0.00 8.62 --- 31.00 12.00 
22.00 8.80 0.00 0.11 8.80 --- 47.09 8.50 8.62 0.00 0.00 8.62 --- 32.00 11.70 
24.00 8.62 0.00 0.11 8.73 0.30 46.13 8.50 8.81 0.00 0.00 8.81 0.30 32.00 11.47 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.80 7.80 0.04 8.64 9.60 0.55 10.50 8.81 0.09 0.00 8.90 0.30 28.00 11.47 
1.00 0.51 7.38 0.03 7.91 9.40 2.15 10.80 6.30 0.91 0.07 7.28 4.20 14.00 9.20 
2.00 0.88 6.20 0.06 7.13 9.40 3.10 12.50 2.30 1.15 0.03 3.48 5.00 8.99 5.35 
3.00 0.87 6.30 0.09 7.17 9.80 --- 14.50 1.20 1.60 0.02 2.82 5.30 --- 3.14 
• 
4.00 0.50 6.70 0.11 7.31 9.80 6.40 16.50 0.50 1.97 0.01 2.48 5.50 5.37 2.44 
6.00 0.48 7.70 0.15 8.32 9.80 5.99 17.30 0.50 2.43 0.00 2.93 6.30 5.53 2.12 
8.00 0.80 7.50 0.19 8.49 10.00 6.48 17.00 0.30 2.84 0.00 3.14 6.50 5.26 3.09 
10.00 1.00 7.60 0.20 8.80 9.70 6.27 15.50 0.20 3.61 0.00 3.81 6.80 3.38 4.26 I 
12.00 0.90 7.65 0.21 8.76 9.80 5.79 15.00 0.20 4.70 0.00 4.90 7.00 2.03 7.03 I 
Experimental Data A-6 
CD = 24 hours (cont'd) 
Time Effluent Biofilter 2(mg/L) Fional Effluent (mg/L) 
• 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P I 
14.00 0.80 8.10 0.22 9.12 --- 6.00 13.00 0.20 5.67 0.00 5.87 --- 1.98 8.30 • 
16.00 0.45 8.30 0.20 8.75 --- 6.00 12.00 0.20 5.95 0.00 6.15 --- 2.30 8.70 
18.00 0.70 8.20 0.16 8.90 --- 6.00 11.50 0.20 6.20 0.00 6.40 --- 2.30 9.20 
20.00 0.45 8.20 0.08 8.65 --- 6.00 11.00 0.20 6.60 0.00 6.80 --- 2.40 9.30 
22.00 0.60 8.30 0.07 8.90 --- 6.00 10.80 0.20 6.90 0.00 7.10 --- 2.50 9.40 
24.00 0.93 8.10 0.04 9.07 9.80 6.02 10.70 0.20 7.14 0.00 7.34 7.00 2.73 9.51 
CD= 48 Hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) • 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-PI 
0.00 8.29 0.00 0.00 8.29 1.50 49.13 8.50 0.00 7.99 0.01 8.00 6.80 8.43 9.31 
1.00 8.29 0.00 0.00 8.29 --- --- 8.50 4.00 3.16 0.60 7.76 --- --- 9.81 
1.50 --- --- --- --- 0.70 48.73 --- --- --- --- --- 1.20 17.69 ---
2.00 8.29 0.00 0.00 8.29 --- --- 8.50 5.50 2.25 0.60 8.35 --- --- 10.75 
2.50 --- --- --- --- 0.40 --- --- --- --- --- --- 0.80 --- ---
3.00 8.29 0.00 0.00 8.29 --- 48.93 8.50 8.00 1.00 0.05 9.05 --- 22.03 12.01 
3.50 --- --- --- --- 0.30 --- --- --- --- --- --- 0.20 --- --- i 
4.00 8.29 0.00 0.00 8.29 --- -- 8.50 8.40 0.60 0.00 9.00 --- --- 12.25 I 
4.50 --- --- --- --- 0.30 --- --- --- --- --- --- 0.20 --- ---
6.00 7.93 0.00 0.00 7.93 --- 48.93 8.50 8.50 0.20 0.00 8.70 --- 27.60 12.70 
8.00 7.93 0.00 0.00 7.93 --- --- 8.50 8.60 0.10 0.00 8.70 --- --- 12.75 
10.00 7.93 0.00 0.00 7.93 --- --- 8.50 8.80 0.01 0.00 8.81 --- --- 12.50 
12.00 8.66 0.00 0.00 8.66 --- 48.93 8.50 9.00 0.01 0.00 9.01 --- 35.60 12.27 
14.00 8.66 0.00 0.00 8.66 --- --- 8.50 9.00 0.00 0.00 9.00 --- --- 11.75 
16.00 8.66 0.00 0.00 8.66 --- ---- 8.50 9.00 0.00 0.00 9.00 --- --- 11.50 
Experimental Data A-7 
CD == 48 hours (cont'd) 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
18.00 8.66 0.00 0.00 8.66 --- 48.93 8.50 9.00 0.00 0.00 9.00 --- 42.19 10.93 
20.00 8.66 0.00 0.00 8.66 --- --- 8.50 9.00 0.00 0.00 9.00 --- --- 10.80 
22.00 8.66 0.00 0.00 8.66 --- --- 8.50 9.00 0.00 0.00 9.00 --- --- 10.50 
24.00 8.66 0.00 0.00 8.66 --- 48.93 8.50 9.00 0.00 0.00 9.00 --- 44.13 9.96 
27.00 8.66 0.00 0.00 8.66 --- --- 8.50 9.00 0.00 0.00 9.00 --- --- 9.75 
30.00 9.04 0.00 0.00 9.04 --- 48.93 8.50 9.04 0.00 0.00 9.04 --- 45.58 9.35 
36.00 9.04 0.00 0.00 9.04 --- 48.93 8.50 9.04 0.00 0.00 9.05 --- 46.32 9.86 
42.00 8.66 0.00 0.00 8.66 --- 48.93 8.50 9.10 0.00 0.00 9.10 --- 47.15 10.19 
48.00 8.66 0.00 0.00 8.66 0.30 48.93 8.50 9.10 0.00 0.00 9.10 0.20 48.00 10.73 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.33 8.90 0.14 9.37 7.20 4.51 10.00 8.77 0.21 0.00 8.98 0.50 47.02 9.81 
1.00 0.25 8.80 0.12 9.17 --- --- 10.10 5.50 1.39 0.20 7.09 --- --- 8.00 
1.50 --- --- --- --- 7.30 3.60 --- --- --- --- --- 6.20 6.46 --- i 
2.00 0.30 8.79 0.10 9.19 --- --- 10.80 2.80 1.60 0.20 4.60 --- --- 6.00 
2.50 --- --- --- --- 7.10 --- --- --- --- --- --- 6.90 --- ---
3.00 0.15 9.30 0.06 9.51 --- 5.36 11.50 0.60 1.94 0.02 2.56 --- 3.70 5.50 
3.50 --- --- --- --- 7.40 --- --- --- --- --- --- 7.10 --- ---
4.00 0.30 8.95 0.06 9.25 --- --- 12.00 0.20 1.97 0.00 2.17 --- --- 5.40 
4.50 --- --- --- --- 7.10 --- --- --- --- --- --- 7.20 --- ---
6.00 0.20 9.30 0.07 9.57 --- 4.67 12.00 0.12 2.04 0.00 2.16 --- 3.59 5.35 
8.00 0.18 9.11 0.07 9.29 --- --- 11.80 0.13 2.45 0.00 2.58 --- --- 5.50 
10.00 0.23 9.10 0.07 9.33 --- --- 11.50 0.10 3.00 0.00 3.10 --- --- 5.60 I 
12.00 0.14 9.23 0.07 9.45 --- 5.85 11.00 0.10 3.64 0.00 3.74 --- 2.31 5.71 I 
14.00 0.23 8.90 0.07 9.13 --- --- 10.70 0.10 4.30 0.00 4.40 --- --- 6.25 
Experimental Data A-8 
CD= 48 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
16.00 0.20 9.00 0.07 9.20 --- --- 10.30 0.10 5.20 0.00 5.30 --- --- 7.00 
18.00 0.24 8.90 0.08 9.22 --- 3.85 10.30 0.10 5.90 0.00 6.00 --- 2.13 7.30 
20.00 0.15 8.80 0.08 8.95 --- --- 9.90 0.10 6.30 0.00 6.40 --- --- 7.40 
22.00 0.22 9.00 0.08 9.22 --- --- 9.70 0.10 6.70 0.00 6.80 --- --- 7.80 
24.00 0.14 9.20 0.10 9.44 --- 7.25 9.60 0.10 7.20 0.00 7.30 --- 2.54 8.27 
27.00 0.25 9.20 0.10 9.45 --- --- 9.50 0.10 7.60 0.00 7.70 --- --- 8.50 
30.00 0.24 9.00 0.09 9.33 --- 6.59 9.40 0.10 7.90 0.00 8.00 --- 2.46 8.92 
36.00 0.24 8.92 0.10 9.26 --- 6.72 9.85 0.10 8.50 0.00 8.60 --- 2.87 9.05 
42.00 0.24 8.90 0.09 9.23 --- 6.40 9.68 0.10 8.80 0.00 8.90 --- 2.13 9.16 
48.00 0.14 8.95 0.06 9.15 7.00 4.46 9.70 0.10 8.90 0.00 9.00 7.20 2.02 9.26 
CD= 72 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.80 0.00 0.00 8.80 1.60 49.13 8.50 0.20 9.10 0.00 9.30 7.00 4.33 9.96 
1.00 9.05 0.00 0.00 9.05 --- --- 8.50 2.90 4.20 0.15 7.25 --- --- 10.50 
2.00 9.05 0.00 0.00 9.05 1.60 48.73 8.50 5.80 0.78 0.36 6.94 1.50 9.82 11.28 
3.00 9.05 0.00 0.00 9.05 --- 48.93 8.50 8.60 0.13 0.51 9.24 --- 16.44 11.80 
4.00 9.05 0.00 0.00 9.05 1.40 --- 8.50 8.80 0.10 0.20 9.10 0.50 --- 12.60 
6.00 9.05 0.00 0.00 9.05 --- --- 8.50 8.90 0.07 0.10 9.07 --- --- 12.80 
8.00 9.05 0.00 0.00 9.05 --- --- 8.50 9.00 0.04 0.00 9.04 --- --- 13.00 
9.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 29.45 ---
10.00 9.05 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 12.80 
12.00 9.05 0.00 0.00 9.05 --- --- 8.50 9.10 0.00 0.00 9.10 --- --- 12.70 
14.00 9.05 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 9.11 --- --- 12.30 
~--
Experimental Data A-9 
CD= 72 hours (cont'd) 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
15.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 38.28 ---
16.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 12.00 
18.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.10 0.00 9.10 --- --- 11.90 
20.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 11.60 
21.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 41.86 ---
22.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 11.30 
24.00 9.21 0.00 0.00 9.05 1.40 --- 8.50 9.11 0.00 0.00 9.11 --- --- 11.20 
25.00 --- --- --- --- --- --- --- --- --- --- --- 0.40 --- ---
27.00 9.21 0.00 0.00 9.05 --- 48.93 8.50 9.11 0.00 0.00 9.11 --- 42.60 10.90 
30.00 9.21 0.00 0.00 9.05 1.40 --- 8.50 9.10 0.00 0.00 9.10 0.40 --- 10.40 
33.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 42.61 ---
36.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 9.86 
39.00 --- --- --- --- --- 48.93 --- ---- --- --- --- --- 43.45 ---
42.00 9.21 0.00 0.00 9.05 --- --- 8.50 9.11 0.00 0.00 9.11 --- --- 9.55 
45.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 44.60 ---
48.00 9.21 0.00 0.00 9.21 --- 48.93 8.50 9.11 0.00 0.00 9.11 --- 45.24 10.20 
49.00 --- --- --- --- 1.30 --- --- --- --- --- --- 0.30 --- ---
51.00 --- --- --- --- 1.20 --- --- --- --- --- --- 0.30 --- ---
54.00 9.21 0.00 0.00 9.21 1.10 48.93 8.50 9.11 0.00 0.00 9.11 0.30 45.53 10.18 
59.00 --- --- --- --- --- 48.93 --- --- --- --- --- --- 45.88 ---
60.00 9.21 0.00 0.00 9.21 --- 48.93 8.50 9.11 0.00 0.00 9.11 --- 45.94 10.00 
66.00 9.21 0.00 0.00 9.21 --- 48.93 8.50 9.10 0.00 0.00 9.10 --- 47.32 10.48 
72.00 9.21 0.00 0.00 9.21 1.20 48.93 8.50 9.10 0.00 0.00 9.10 0.30 47.47 10.30 
Experimental Data A-10 
CD= 72 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.00 9.10 0.00 9.10 8.30 2.93 9.33 8.86 0.00 0.03 8.89 0.30 47.87 10.40 
1.00 0.00 9.00 0.00 9.00 --- --- 10.00 5.80 0.45 0.07 6.32 --- --- 9.90 
2.00 0.00 8.90 0.00 8.90 8.30 3.03 10.70 3.01 0.84 0.16 4.01 5.80 7.90 8.39 
3.00 0.00 9.00 0.00 9.00 --- 3.15 11.55 1.29 1.39 0.10 2.78 --- 5.50 5.50 
4.00 0.00 9.20 0.00 9.20 8.20 --- 11.90 0.20 1.65 0.05 1.90 7.20 --- 5.25 
6.00 0.00 9.20 0.00 9.20 --- --- 12.30 0.11 1.90 0.00 2.01 --- --- 4.50 
8.00 0.00 9.00 0.00 9.00 --- --- 12.10 0.10 2.20 0.00 2.30 --- ---- 3.80 
9.00 --- --- --- --- --- 4.88 --- --- --- --- --- --- 5.40 ---
10.00 0.00 9.13 0.00 9.13 --- --- 12.30 0.00 3.00 0.00 3.10 --- --- 3.70 
12.00 0.00 9.10 0.00 9.10 --- --- 12.20 0.00 4.10 0.00 4.20 --- --- 4.00 
14.00 0.00 8.90 0.00 8.90 --- --- 12.00 0.00 5.00 0.00 5.10 --- --- 4.50 
15.00 --- --- --- --- --- 3.78 --- --- --- --- --- --- 5.10 ---
16.00 0.00 9.00 0.00 9.00 --- --- 11.80 0.00 6.00 0.00 6.10 --- --- 5.00 
18.00 0.00 8.87 0.00 8.87 --- --- 11.60 0.00 6.70 0.00 6.80 --- --- 5.75 
20.00 0.00 9.00 0.00 9.00 --- --- 11.30 0.00 7.10 0.00 7.20 --- --- 6.50 
21.00 --- --- --- --- --- 4.59 --- --- --- --- --- --- 2.84 ---
22.00 0.00 9.00 0.00 9.00 --- --- 11.00 0.00 7.70 0.00 7.80 --- --- 7.00 
24.00 0.00 8.90 0.00 8.90 --- --- 10.90 0.00 8.20 0.00 8.30 --- --- 7.50 
25.00 --- --- --- --- 8.40 --- --- --- --- --- --- 7.30 --- ---
27.00 0.00 9.20 0.00 9.20 --- 1.74 10.70 0.00 8.50 0.00 8.60 --- 1.65 8.27 
30.00 0.00 9.23 0.00 9.23 8.70 --- 10.30 0.00 8.75 0.00 8.85 7.30 --- 8.80 
33.00 --- --- --- --- --- 1.32 --- --- --- --- --- --- 1.28 ---
36.00 0.00 9.12 0.00 9.12 --- --- 9.30 0.00 9.00 0.00 9.10 --- --- 9.67 
39.00 --- --- --- --- --- 1.29 --- --- --- --- --- --- 1.28 ---
42.00 0.00 9.12 0.00 9.12 --- --- 9.30 0.00 9.00 0.00 9.10 --- --- 9.67 
' .... 
Experimental Data A-11 
CD= 72 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
45.00 --- --- --- --- --- 1.29 --- --- --- --- --- --- 1.28 --- I 
48.00 0.00 9.10 0.00 9.10 --- 1.28 9.20 0.00 9.00 0.00 9.10 --- 1.42 10.33 
49.00 --- --- --- --- 8.90 --- --- --- --- --- --- 7.30 --- ---
51.00 --- --- --- --- 8.90 --- --- --- --- --- --- 7.40 --- ---
54.00 0.00 8.98 0.00 8.98 8.50 1.35 9.60 0.00 9.00 0.00 9.10 7.40 1.01 10.28 
59.00 --- --- --- --- --- 1.32 --- --- --- --- --- --- 1.01 ---
60.00 0.00 9.00 0.00 9.00 --- 1.32 9.60 0.00 9.00 0.00 9.10 --- 1.01 10.45 
66.00 0.00 8.90 0.00 8.90 --- 1.32 10.00 0.00 9.00 0.00 9.10 --- 1.01 10.58 
72.00 0.00 8.84 0.00 8.84 8.30 2.61 10.00 0.00 9.00 0.00 9.00 7.40 0.99 10.35 
Experimental Data A-12 
Phase 2: CD = 0. 5 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 8.72 0.00 0.00 8.75 1.60 49.57 8.82 1.22 5.15 0.45 7.55 6.30 2.41 8.57 
0.16 8.72 0.00 0.00 8.39 --- 49.69 8.82 2.32 4.39 0.37 7.59 --- 6.76 10.30 
0.25 --- --- --- --- 1.60 --- --- --- --- --- --- 3.40 --- ---
0.33 8.72 0.00 0.00 8.75 49.47 8.86 3.94 2.62 0.27 8.44 --- 17.60 7.75 
0.50 8.72 0.00 0.00 8.75 1.40 49.57 8.82 3.14 1.72 0.00 8.39 2.90 21.54 8.07 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 0.81 7.62 0.19 7.81 7.60 3.04 9.13 2.10 2.55 0.79 8.41 4.50 18.65 9.99 
0.16 1.14 6.94 0.14 7.38 ---- 1.41 8.61 2.42 5.11 1.44 6.62 2.02 7.99 
0.25 --- --- --- --- 7.70 --- --- --- --- --- --- 6.20 --- ---
0.33 0.00 6.71 0.11 8.48 --- 2.59 8.11 1.94 5.34 1.19 7.37 --- 1.27 8.27 
0.50 0.00 6.28 0.14 8.85 7.70 2.27 8.06 1.66 5.17 0.89 7.74 6.60 1.29 8.35 
····································-----
CD= 3 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 8.75 0.00 0.00 8.75 1.60 49.67 8.49 0.29 7.49 0.06 7.55 5.80 4.16 6.91 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 0.50 --- ---
1.00 8.39 0.00 0.00 8.39 1.40 49.53 8.45 4.48 0.00 0.11 7.59 0.30 20.60 9.23 
2.00 8.75 0.00 0.00 8.75 1.40 49.53 8.48 8.39 0.00 0.00 8.44 0.30 22.30 9.64 
3.00 8.75 0.00 0.00 8.75 1.40 49.43 8.42 8.39 0.00 0.02 8.39 0.30 23.50 10.02 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 0.00 7.54 0.27 7.81 7.40 3.82 9.56 8.39 0.00 0.02 8.41 0.60 23.16 10.72 
0.50 --- --- --- --- 6.70 --- --- --- --- --- --- 4.60 --- ---
1.00 0.00 7.19 0.19 7.38 6.90 4.12 8.81 2.12 4.32 0.18 6.62 4.60 4.55 8.45 I 
Experimental Data A-13 
Experimental Data A-14 
CD= 4 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.69 0.00 0.00 8.69 1.60 49.67 8.62 0.37 6.14 0.01 6.53 7.60 0.45 7.84 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 1.40 
1.00 8.69 0.00 0.00 8.69 1.40 49.53 8.57 7.80 0.32 0.29 8.40 0.50 13.37 9.10 
1.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 
2.00 8.69 0.00 0.00 8.69 1.40 49.53 8.60 8.69 0.00 0.02 8.71 0.30 15.26 9.89 
3.00 8.69 0.00 0.00 8.69 1.30 49.43 8.55 8.69 0.00 0.02 8.71 0.30 15.70 10.05 
4.00 8.69 0.00 0.00 8.69 1.30 49.39 8.68 8.69 0.00 0.05 8.74 0.30 15.68 10.20 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.24 6.67 0.14 7.06 8.70 0.98 10.15 8.23 0.60 0.06 8.89 1.40 15.85 7.84 
0.50 --- --- --- --- 8.30 --- --- --- --- --- --- 3.50 --- ---
1.00 0.12 5.83 0.16 6.11 8.50 1.29 10.43 2.79 3.11 0.17 6.07 7.00 0.48 9.10 
1.50 --- --- --- --- 8.70 --- --- --- --- --- --- 7.20 --- ---
2.00 0.50 5.68 0.21 6.38 8.70 2.93 9.61 0.24 5.52 0.15 5.91 7.80 0.39 9.89 
3.00 0.37 6.05 0.18 6.60 8.70 2.19 8.57 0.24 5.85 0.06 7.16 7.80 0.69 10.05 
4.00 0.24 6.16 0.19 6.60 8.70 0.81 8.95 0.24 5.90 0.03 7.16 7.80 0.97 10.20 
Experimental Data A-15 
CD= 9 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.63 0.00 0.00 8.63 1.60 49.67 8.58 0.32 8.50 0.01 8.51 6.30 2.05 8.68 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 0.60 --- ---
1.00 8.63 0.00 0.00 8.63 1.40 49.53 8.58 6.44 0.86 0.19 7.49 0.30 21.86 9.15 
3.00 8.63 0.00 0.00 8.63 1.40 49.53 8.58 8.63 0.00 0.00 8.66 0.30 24.39 9.82 
5.00 8.63 0.00 0.00 8.63 --- 49.43 8.58 8.63 0.00 0.00 8.64 --- 25.43 9.95 
7.00 8.63 0.00 0.00 8.63 --- 49.39 8.72 8.63 0.00 0.00 8.64 --- 26.03 9.95 
9.00 8.63 0.00 0.00 8.63 1.40 49.31 8.58 8.63 0.00 0.00 8.64 0.30 26.92 9.90 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.58 9.85 0.28 10.71 8.40 1.71 8.79 8.63 0.00 0.00 8.63 1.00 26.94 9.57 
0.50 --- --- --- --- 8.30 --- --- --- --- --- --- 5.00 --- ---
1.00 0.15 8.72 0.14 9.02 8.30 2.94 9.26 2.31 4.94 0.00 7.25 5.20 5.18 8.45 
3.00 0.15 8.50 0.20 8.85 8.30 2.38 9.73 0.00 7.35 0.03 7.38 5.60 2.70 6.17 
5.00 0.00 8.40 0.23 8.63 --- 2.81 9.73 0.00 8.17 0.00 8.17 --- 2.90 6.19 
7.00 0.07 8.45 0.22 8.74 --- 2.43 9.17 0.00 8.22 0.00 8.22 --- 2.10 6.67 
9.00 0.00 9.40 0.22 9.62 8.30 2.29 8.63 0.00 8.22 0.01 8.23 6.50 2.04 8.69 
Experimental Data A-16 
CD= 12 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.79 0.00 0.00 8.79 1.60 8.65 50.42 0.05 7.95 0.03 8.03 5.80 2.72 8.35 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 0.40 --- ---
• 
1.00 8.42 0.00 0.00 8.42 1.40 8.62 50.62 4.50 3.32 0.01 7.84 0.30 7.94 8.41 
2.00 8.79 0.00 0.00 8.79 1.40 8.62 50.21 8.42 0.00 0.05 8.47 0.30 16.51 8.56 
4.00 8.42 0.00 0.00 8.42 --- 8.66 49.80 8.79 0.00 0.00 8.79 --- 17.43 9.65 
6.00 8.79 0.00 0.00 8.79 --- 8.62 49.83 8.79 0.00 0.00 8.79 --- 23.94 9.70 
8.00 8.79 0.00 0.00 8.79 --- 8.62 49.40 8.79 0.00 0.00 8.79 --- 28.33 9.68 
10.00 8.79 0.00 0.00 8.79 --- 8.62 49.80 8.79 0.00 0.00 8.79 --- 29.68 9.65 
11.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- --- I 
12.00 8.79 0.00 0.00 8.79 1.30 8.62 50.42 8.79 0.00 0.00 8.79 0.30 31.36 9.80 I 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 1.43 7.25 0.27 8.95 7.90 4.34 9.08 8.79 0.00 0.00 8.79 0.80 28.85 10.03 
0.50 --- --- --- --- 7.80 --- --- --- --- --- --- 5.30 --- ---
• 
1.00 0.00 7.17 0.18 7.35 7.70 5.12 8.96 4.52 2.95 0.09 7.56 5.70 7.16 8.68 
2.00 0.00 7.62 0.13 7.75 7.90 5.14 8.81 1.73 7.56 0.17 7.73 6.00 0.25 8.22 
4.00 0.77 7.76 0.19 8.72 --- 3.14 9.62 0.05 7.95 0.04 8.04 --- 2.55 7.11 
' 
6.00 0.77 7.87 0.24 8.87 --- 3.79 9.12 -0.12 7.97 0.01 7.98 --- 2.78 7.45 
8.00 0.77 7.78 0.26 8.81 --- 4.35 9.18 -0.20 8.09 0.02 8.11 --- 2.80 8.02 
10.00 0.97 7.87 0.24 8.89 --- 4.92 9.28 0.14 8.18 0.02 8.19 --- 3.86 8.19 
11.00 --- --- --- --- 7.90 --- --- --- --- --- --- 6.90 --- ---
12.00 0.84 7.72 0.25 8.94 7.90 3.29 9.02 0.14 8.11 0.01 8.13 6.90 2.14 8.71 
Experimental Data A-17 
CD= 15 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) I 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.64 0.00 0.00 8.64 0.70 49.67 8.47 0.00 8.69 0.05 8.74 6.30 4.99 7.96 
0.50 --- --- --- --- 0.40 --- --- --- --- --- --- 6.40 --- ---
1.00 8.64 0.00 0.00 8.64 --- 49.39 8.47 6.64 0.92 0.08 7.64 --- 20.35 9.70 
1.50 --- --- --- --- 0.40 --- --- --- --- --- --- 1.20 --- ---
3.00 8.64 0.00 0.00 8.64 --- 49.17 8.51 8.64 0.00 0.03 8.66 --- 24.50 10.34 
4.00 --- --- --- --- 0.30 --- --- --- --- --- --- 0.40 --- ---
6.00 8.64 0.00 0.00 8.64 48.80 8.47 8.64 0.00 0.02 8.65 25.32 10.62 
8.00 --- --- --- --- 0.30 --- --- --- --- --- --- 0.40 --- ---
9.00 8.64 0.00 0.00 8.64 --- 48.40 8.54 8.64 0.00 0.01 8.65 --- 26.50 10.45 
10.00 --- --- --- --- 0.20 --- --- --- --- --- --- 0.40 --- ---
12.00 8.64 0.00 0.00 8.64 --- 47.92 8.47 8.64 0.00 0.01 8.65 --- 26.54 9.68 
15.00 8.64 0.00 0.00 8.64 0.20 47.96 8.58 8.64 0.00 0.01 8.65 0.30 27.67 9.33 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.30 8.47 0.28 10.43 8.30 1.31 9.05 8.50 0.07 0.02 8.59 0.40 27.24 9.03 
0.50 --- --- --- --- --- --- --- --- --- --- --- 0.90 --- ---
1.00 0.78 7.58 0.22 9.30 1.20 3.00 9.65 0.47 6.45 0.44 7.36 --- 2.08 7.98 
1.50 --- --- --- --- --- --- --- --- --- --- --- 2.80 --- ---
3.00 0.60 7.84 0.27 9.75 2.80 4.40 10.30 0.30 7.27 0.24 7.81 --- 1.91 6.85 
4.00 --- --- --- --- --- --- --- --- --- --- --- 5.90 --- ---
6.00 0.00 8.53 0.31 10.13 5.80 3.51 10.38 0.11 8.13 0.09 8.33 --- 1.26 5.99 
8.00 --- --- --- --- --- --- --- --- ' --- --- --- 5.80 --- ---
9.00 0.28 8.61 0.32 10.18 6.30 2.96 9.87 0.11 8.20 0.06 8.42 --- 1.68 6.56 
10.00 --- --- --- --- --- --- --- --- --- --- --- 6.10 --- ---
Experimental Data A-18 
CD= 15 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-
12.00 0.00 8.63 0.33 10.02 6.60 2.64 9.74 0.03 8.43 0.08 8.35 --- 1.78 6.99 
15.00 0.11 8.70 0.31 9.84 5.70 3.02 9.39 0.02 8.54 0.06 8.32 6.60 1.43 7.88 
CD= 24 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-
0.00 8.64 0.00 0.00 8.64 1.60 49.67 8.64 0.00 8.28 0.05 8.33 6.20 3.02 8.82 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 4.20 --- ---
1.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.40 --- ---
2.00 8.64 0.00 0.00 8.64 1.40 49.53 8.64 8.64 0.26 0.08 7.79 0.40 25.30 10.2f 
3.00 --- --- --- --- 1.00 --- --- --- --- --- --- 0.30 --- ---
4.00 8.64 0.00 0.00 8.64 --- 49.53 8.69 8.64 0.03 0.03 8.70 --- 25.80 10.3E 
8.00 8.64 0.00 0.00 8.64 --- 49.43 8.64 8.64 0.26 0.02 8.65 --- 26.13 10.5. 
12.00 8.64 0.00 0.00 8.64 --- 49.57 8.73 8.64 0.00 0.01 8.65 --- 27.10 9.78 
16.00 8.64 0.00 0.00 8.64 --- 49.43 8.64 8.64 0.00 0.01 8.65 --- 27.96 9.57 
20.00 8.64 0.00 0.00 8.64 --- 48.98 8.77 8.64 0.00 0.01 8.65 --- 28.66 9.33 
24.00 8.64 0.00 0.00 8.64 1.00 48.72 8.64 8.64 0.00 0.01 8.65 0.30 29.55 9.50 
~--
Experimental Data A-19 
CD= 24 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.30 8.85 0.28 9.43 7.60 2.55 10.61 8.50 0.00 0.02 8.52 1.80 30.19 9.73 
0.50 --- --- --- --- 7.70 --- --- --- --- --- --- 3.40 --- ---
1.00 --- --- --- --- 7.90 --- --- --- --- --- --- 3.90 --- ---
• 
2.00 0.78 7.98 0.22 8.98 7.80 2.72 9.47 0.47 5.42 0.44 6.33 4.80 2.40 7.17 
3.00 --- --- --- --- 7.50 --- --- --- --- --- --- 5.30 --- ---
4.00 0.60 8.88 0.27 9.75 --- 2.69 9.72 0.30 8.05 0.24 8.58 --- 2.84 5.69 
8.00 0.00 8.82 0.31 9.13 --- 3.79 9.76 0.11 8.28 0.09 8.48 --- 3.11 6.34 
12.00 0.28 8.37 0.32 8.97 --- 3.51 10.04 0.11 8.27 0.06 8.45 --- 2.49 6.92 
16.00 0.00 8.69 0.33 9.02 --- 4.38 9.51 0.03 8.25 0.08 8.39 --- 3.38 8.48 
20.00 0.11 8.42 0.31 8.84 --- 2.54 9.23 0.02 8.24 0.06 8.39 --- 3.52 8.57 
24.00 0.03 8.42 0.31 8.76 7.80 2.70 8.74 0.02 8.24 0.06 8.39 6.60 2.60 8.44 
CD= 48 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.78 0.00 0.00 8.78 1.60 49.47 8.77 0.00 7.28 0.03 7.31 9.60 2.55 8.25 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 2.80 --- ---
1.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.60 --- ---
3.00 8.78 0.00 0.00 8.78 --- 49.59 8.81 8.78 0.00 0.00 8.78 --- 16.86 10.18 
3.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.60 --- ---
6.00 8.78 0.00 0.00 8.78 --- --- 8.50 8.78 0.00 0.00 8.78 --- --- 10.89 
9.00 8.78 0.00 0.00 8.78 --- 49.37 8.77 8.78 0.00 0.00 8.78 --- 25.43 10.43 
Experimental Data A-20 
CD= 48 hours (cont'd) 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
12.00 8.78 0.00 0.00 8.78 --- --- 8.50 8.78 0.00 0.00 8.78 --- --- 10.02 
15.00 8.78 0.00 0.00 8.78 --- 49.47 8.50 8.78 0.00 0.00 8.78 --- 26.48 9.89 
18.00 8.78 0.00 0.00 8.78 --- --- 8.50 8.78 0.00 0.00 8.78 --- --- 9.53 
20.00 --- --- --- --- 1.00 --- --- --- --- --- --- 0.40 --- ---
21.00 8.78 0.00 0.00 8.78 --- --- 8.50 8.78 0.00 0.00 8.78 --- --- 9.27 
27.00 8.78 0.00 0.00 8.78 --- 49.57 8.77 8.78 0.00 0.00 8.78 --- 26.71 9.23 
33.00 8.78 0.00 0.00 8.78 --- 49.37 8.50 8.78 0.00 0.00 8.78 --- 24.84 9.19 
39.00 8.78 0.00 0.00 8.78 --- 49.06 8.89 8.78 0.00 0.00 8.78 --- 26.97 9.13 
45.00 8.78 0.00 0.00 8.78 --- 48.72 8.89 8.78 0.00 0.00 8.78 0.30 26.08 9.03 
48.00 8.78 0.00 0.00 8.78 1.00 48.54 8.89 8.78 0.00 0.00 8.78 0.30 26.57 8.91 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.00 8.04 0.16 8.20 9.30 3.20 7.77 8.77 0.00 0.01 8.78 1.30 26.11 8.97 
0.50 --- --- --- --- 9.40 --- --- --- --- --- --- 6.80 --- ---
1.00 --- --- --- --- 9.80 --- --- --- --- --- --- 7.10 --- ---
3.00 0.00 7.28 0.30 7.58 --- 6.78 10.08 0.00 8.64 0.17 8.81 --- 5.87 6.63 
3.50 --- --- --- --- 9.80 --- --- --- --- --- --- 7.80 --- ---
6.00 0.00 7.28 0.30 7.58 --- --- 10.56 0.00 8.64 0.17 8.81 --- --- 5.57 
9.00 0.00 8.01 0.30 8.31 --- 2.17 10.48 0.00 7.99 0.11 8.10 --- 3.00 5.97 
12.00 0.00 8.01 0.30 8.31 --- --- 9.97 0.00 7.99 0.11 8.10 --- --- 6.85 
15.00 0.00 8.19 0.29 8.48 --- 2.85 9.72 0.00 8.31 0.07 8.39 --- 3.12 7.45 
18.00 0.00 8.19 0.29 8.48 --- --- 9.49 0.00 8.31 0.07 8.39 --- --- 8.05 
Experimental Data A-21 
CD = 48 hours (cont'd) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
20.00 --- --- --- --- 9.80 --- --- --- --- --- --- 9.20 --- ---
21.00 0.00 8.19 0.29 8.48 --- --- 9.25 0.00 8.31 0.07 8.39 --- --- 8.13 
27.00 0.00 8.17 0.31 8.47 --- 2.47 9.19 0.00 8.39 0.06 8.45 --- 2.10 8.34 
33.00 0.00 8.41 0.30 8.72 --- 3.49 9.18 0.00 8.32 0.06 8.38 --- 2.97 8.46 
39.00 0.00 8.31 0.34 8.65 --- 4.63 8.78 0.00 8.39 0.06 8.45 --- 2.34 8.53 
45.00 0.00 8.21 0.33 8.53 9.30 2.19 8.48 0.00 8.47 0.07 8.54 9.40 1.53 8.45 
48.00 0.00 7.98 0.33 8.31 9.40 2.95 8.32 0.00 8.49 0.07 8.56 9.40 1.52 8.51 
Experimental Data A-22 
CD = 120 hours 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.45 0.00 0.00 8.45 1.60 49.47 8.50 0.65 7.79 0.05 8.49 7.00 0.53 6.49 
1.00 8.45 0.00 0.00 8.45 1.60 49.59 8.50 8.45 0.00 0.23 8.68 1.80 16.52 8.05 
1.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.70 --- ---
4.00 8.45 0.00 0.00 8.45 --- 49.37 8.54 8.45 0.00 0.24 8.69 --- 19.57 8.56 
10.00 8.45 0.00 0.00 8.45 --- 49.47 8.78 8.45 0.00 0.01 8.46 --- 22.70 9.61 
16.00 8.45 0.00 0.00 8.45 --- 49.57 8.86 8.45 0.00 0.01 8.46 --- 24.12 9.53 
19.00 8.45 0.00 0.00 8.45 1.40 49.37 8.85 8.45 0.00 0.05 8.50 0.30 24.21 8.71 
25.00 8.45 0.00 0.00 8.45 --- 49.06 8.89 8.45 0.00 0.02 8.47 --- 25.05 8.00 
31.00 8.45 0.00 0.00 8.45 --- --- 8.86 8.45 0.00 0.02 8.47 --- --- 7.91 
37.00 8.45 0.00 0.00 8.45 --- 48.72 8.86 8.45 0.00 0.02 8.46 --- 26.08 7.87 
40.00 8.45 0.00 0.00 8.45 --- 48.54 8.86 8.45 0.00 0.02 8.46 --- 26.06 7.84 
41.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
46.00 8.45 0.00 0.00 8.45 1.20 48.54 8.59 8.45 0.00 0.01 8.46 0.30 26.01 7.94 
52.00 8.45 0.00 0.00 8.45 --- 48.54 8.59 8.45 0.00 0.01 8.46 --- 26.31 7.95 
64.00 8.45 0.00 0.00 8.45 --- --- 8.56 8.45 0.00 0.01 8.46 --- --- 7.29 
66.00 --- --- --- --- 1.20 --- --- --- --- --- --- 0.40 --- ---
72.00 --- --- --- --- 1.20 --- --- --- --- --- --- 0.30 --- ---
74.00 8.45 0.00 0.00 8.45 --- 48.54 8.85 8.45 0.00 0.01 8.46 --- 27.61 8.03 
89.00 8.45 0.00 0.00 8.45 --- 48.54 8.59 8.45 0.00 0.01 8.46 --- 28.66 7.38 
90.00 --- --- --- --- 1.20 --- --- --- --- --- --- 0.20 --- ---
96.00 8.45 0.00 0.00 8.45 --- --- 8.93 8.45 0.00 0.01 8.46 --- --- 7.97 
118.00 --- --- --- --- 1.20 --- --- --- --- --- --- 0.20 --- ---
120.00 8.45 0.00 0.00 8.45 1.20 48.54 8.93 8.45 0.00 0.01 8.46 0.20 27.95 7.22 
Experimental Data A-23 
CD = 120 hours ( cont' d) 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.21 8.68 0.41 9.09 7.90 3.74 7.70 8.45 0.00 0.00 8.45 1.60 27.51 7.44 
1.00 0.00 8.55 0.16 8.71 7.80 2.99 7.74 1.99 4.04 0.24 4.28 6.70 12.53 7.37 
1.50 --- --- --- --- 7.90 --- --- --- --- --- --- 6.90 --- ---
4.00 0.12 7.49 0.35 7.84 --- 4.93 8.46 0.39 5.65 0.64 6.30 --- 4.26 6.57 
10.00 0.12 7.33 0.35 7.68 --- 5.16 8.88 0.00 7.02 0.08 7.10 --- 0.08 5.23 
16.00 0.00 7.35 0.36 7.71 --- 2.72 8.40 0.30 7.30 0.10 7.41 --- 0.02 6.48 I 
19.00 0.80 7.10 0.35 7.45 8.20 3.22 8.40 0.04 7.39 0.06 7.45 6.30 0.02 6.76 
25.00 0.00 7.69 0.35 8.04 --- 4.19 8.40 0.00 7.69 0.06 7.75 --- 0.02 7.28 
31.00 0.00 7.69 0.35 8.04 --- --- 8.12 0.00 7.69 0.06 7.75 --- --- 7.45 
37.00 0.00 8.05 0.33 8.38 --- 3.63 8.10 0.00 7.98 0.07 8.05 --- 0.02 7.87 
40.00 0.00 8.05 0.33 8.38 --- 3.69 8.17 0.00 7.98 0.07 8.05 --- 1.98 7.92 
41.00 --- --- --- --- 7.60 --- --- --- --- --- --- 6.80 --- ---
46.00 0.00 8.05 0.32 8.37 7.30 2.23 7.88 0.00 7.84 0.04 7.87 6.90 0.35 7.86 
52.00 0.00 8.15 0.44 8.60 --- 1.15 7.90 0.00 7.97 0.01 7.98 --- 0.03 7.86 
64.00 0.00 8.15 0.48 8.63 --- --- 7.80 0.00 8.00 0.01 8.01 --- --- 7.50 
66.00 --- --- --- --- 7.90 --- --- --- --- --- --- 7.30 --- ---
72.00 0.00 8.27 0.42 8.69 7.90 --- 7.90 0.00 7.98 0.01 7.99 7.50 --- 7.85 
74.00 --- --- --- --- --- 1.26 --- --- --- --- --- --- 0.02 ---
89.00 0.00 8.45 0.41 8.86 --- 2.02 7.20 0.00 7.42 0.05 7.47 --- 0.02 7.11 
90.00 --- --- --- --- 8.00 --- --- --- --- --- --- 7.90 --- ---
96.00 0.00 8.29 0.43 8.73 --- --- 7.89 0.00 7.46 0.06 7.52 --- --- 8.01 
118.00 --- --- --- --- 8.00 --- --- --- --- --- --- 7.90 --- ---
120.00 0.00 8.29 0.43 8.73 8.00 2.01 7.20 0.00 7.46 0.06 7.52 7.90 0.15 7.56 
Experimental Data A-24 
Optimisation: CD= 12 hours, no carbon source 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.86 0.00 0.00 8.86 1.60 49.86 8.71 0.34 8.84 0.10 9.28 3.80 4.63 8.23 
0.50 --- ---- --- --- 1.60 --- ---- --- --- --- --- 0.70 --- ---
1.00 8.55 0.00 0.00 8.55 --- 49.99 8.69 5.21 0.65 0.00 5.86 --- 23.57 12.38 
2.00 8.86 0.00 0.00 8.86 1.40 49.76 8.71 8.86 0.00 0.00 8.86 0.40 24.43 13.35 
4.00 8.86 0.00 0.00 8.86 1.40 49.86 8.64 8.86 0.00 0.00 8.86 0.40 25.13 17.33 
5.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
6.00 8.86 0.00 0.00 8.86 --- 49.86 8.71 8.86 0.00 0.00 8.86 --- 23.01 17.30 
8.00 8.86 0.00 0.00 8.86 --- 49.86 8.67 8.86 0.00 0.00 8.86 --- 22.31 16.31 
10.00 8.86 0.00 0.00 8.86 1.40 49.86 8.71 8.86 0.00 0.00 8.86 0.40 22.21 14.95 
12.00 8.86 0.00 0.00 8.86 1.40 49.86 8.71 8.86 0.00 0.00 8.86 0.40 22.21 11.63 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.00 9.73 0.03 9.75 6.90 3.01 12.15 8.57 0.00 0.03 8.60 0.60 24.83 12.66 
0.50 --- --- --- --- 7.10 --- --- --- --- --- --- 1.80 --- ---
1.00 0.00 9.64 0.19 9.83 --- 3.54 11.21 5.42 2.87 0.28 8.56 --- 1.77 11.00 
2.00 0.00 5.71 0.18 5.89 7.10 4.40 13.26 1.29 5.11 0.57 6.97 2.10 2.76 7.04 
4.00 0.00 7.71 0.28 7.98 6.97 4.15 13.10 0.76 5.77 0.54 7.07 2.70 2.49 6.89 
5.00 --- --- --- --- 7.00 --- --- --- --- --- --- 2.70 --- ---
6.00 0.00 9.28 0.32 9.60 --- 2.65 13.21 0.66 5.60 0.32 6.58 --- 3.30 7.11 
8.00 0.00 9.15 0.33 9.48 --- 4.07 13.45 0.57 6.13 0.23 6.93 --- 2.28 6.73 
10.00 0.00 9.33 0.34 9.67 7.40 4.94 13.07 0.57 6.68 0.13 7.38 3.80 2.17 7.36 
12.00 0.00 9.35 0.29 9.64 7.40 5.18 10.88 0.48 7.42 0.08 7.98 4.40 2.81 8.13 
' ... 
Experimental Data A-25 
CD = 12 hours, carbon source = 5.5 mUmin. 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 8.81 0.00 0.00 8.81 1.60 49.49 8.60 0.00 3.44 0.71 4.15 0.80 1.82 10.39 
1.00 8.81 0.00 0.00 8.81 1.60 49.41 8.77 6.72 0.00 0.02 6.74 0.50 2.51 11.83 
2.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
3.00 8.81 0.00 0.00 8.81 --- 49.39 8.77 8.81 0.00 0.01 8.82 --- 29.74 12.87 
6.00 8.81 0.00 0.00 8.81 1.40 49.35 8.85 8.81 0.00 0.03 8.84 0.50 32.16 12.93 
9.00 8.81 0.00 0.00 8.81 --- 49.31 8.85 8.81 0.00 0.06 8.87 --- 33.80 12.74 
12.00 8.35 0.00 0.00 8.35 1.40 49.27 8.85 8.81 0.00 0.02 8.83 0.30 33.57 12.43 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 0.00 7.52 0.40 7.92 6.80 2.01 12.12 8.81 0.00 0.04 8.85 1.20 31.93 12.84 
1.00 0.00 5.62 0.24 5.86 6.90 1.35 12.10 1.32 1.46 0.26 3.04 1.90 6.37 10.10 
2.50 --- --- --- --- 7.40 --- --- --- --- --- --- 1.90 --- ---
3.00 0.00 6.29 0.34 6.62 --- 1.99 12.11 0.15 1.88 0.43 2.45 --- 3.06 10.11 
6.00 0.00 7.40 0.39 7.79 7.30 2.31 11.29 0.27 2.19 0.65 3.11 2.20 2.19 9.72 
9.00 0.00 6.87 0.41 7.29 --- 1.26 10.91 0.00 3.00 0.72 3.72 --- 2.14 9.38 
12.00 0.00 7.06 0.38 7.44 7.40 3.19 11.38 0.00 3.23 0.97 4.20 2.80 1.95 9.11 
Experimental Data A-26 
CD= 12 hours. carbon source= 9.7 mUmin .  -
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.59 0.00 0.00 8.59 1.60 50.88 8.36 0.05 3.08 1.22 3.44 1.80 5.51 6.46 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 0.50 --- ---
1.00 8.59 0.00 0.00 8.59 --- 50.82 8.34 5.77 0.20 0.01 5.98 --- 27.84 7.30 
1.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
2.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.50 --- ---
3.00 8.59 0.00 0.00 8.59 1.40 50.80 8.45 8.59 0.14 0.00 8.60 0.30 34.05 8.39 
6.00 8.26 0.00 0.00 8.26 1.40 50.70 8.45 8.59 0.05 0.01 8.60 0.40 34.59 8.58 
9.00 8.59 0.00 0.00 8.59 --- 50.84 8.45 8.94 -0.03 0.00 8.94 --- 35.22 7.91 
12.00 8.94 0.00 0.00 8.94 1.40 50.68 8.48 8.59 0.14 0.00 8.60 0.40 34.83 8.16 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.00 8.23 0.31 8.54 7.40 3.10 8.46 8.94 0.08 0.02 8.96 1.60 36.89 8.50 
0.50 --- --- --- --- 7.20 --- --- --- --- --- --- 1.70 --- ---
1.00 0.00 6.26 0.20 6.46 --- 3.74 7.28 1.72 0.76 0.16 2.65 --- 17.34 7.35 
1.50 --- --- --- --- 7.50 --- --- --- --- --- --- 1.90 --- ---
2.00 --- --- --- --- 7.60 --- --- --- --- --- --- 1.80 --- ---
3.00 0.00 7.46 0.26 6.82 7.40 2.93 7.88 0.50 0.94 0.24 1.46 1.90 6.49 6.75 
6.00 0.00 8.39 0.28 7.36 7.40 4.23 7.61 0.00 1.06 0.48 1.52 --- 6.36 6.25 
9.00 0.00 8.81 0.29 7.10 --- 4.75 7.43 0.00 1.42 0.72 2.35 1.90 5.13 5.72 
12.00 0.22 8.93 0.29 7.44 7.60 4.29 7.44 0.00 2.83 0.90 2.66 1.90 5.03 5.51 
----
Experimental Data A-27 
CD= 12 hours. carbon source= 13.8mUmin 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 8.86 0.00 0.00 8.86 1.60 49.47 8.60 0.00 0.83 0.37 1.20 1.60 8.61 5.63 
0.45 --- --- --- --- 1.60 --- --- --- --- --- --- 0.50 --- ---
1.00 8.50 0.00 0.00 8.50 --- 49.41 8.62 4.03 0.00 0.04 4.07 --- 29.54 5.67 
1.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.40 --- ---
3.00 8.86 0.00 0.00 8.86 --- 49.39 8.62 8.50 0.00 0.01 8.51 --- 34.53 6.40 
3.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
6.00 8.86 0.00 0.00 8.86 1.40 49.29 8.62 8.50 0.00 0.01 8.51 0.30 40.27 7.02 
9.00 8.50 0.00 0.00 8.50 --- 49.43 8.62 8.50 0.00 0.01 8.51 --- 41.72 6.31 
12.00 8.86 0.00 0.00 8.86 1.40 49.27 8.67 8.50 0.00 0.07 8.57 0.30 41.77 6.54 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOG P04-P NH4-N N03-N N02-N Total N DO TOG P04-P 
0.00 0.00 7.10 0.44 7.55 7.40 1.23 6.90 8.86 0.00 0.03 8.89 0.30 37.63 6.54 
0.45 --- --- --- --- 7.30 --- --- --- --- --- --- 1.00 --- ---
1.00 0.00 6.20 0.26 6.47 --- 2.37 6.49 1.71 0.59 0.21 2.51 --- 12.31 5.73 
1.50 --- --- --- --- 7.50 --- --- --- --- --- --- 1.20 --- ---
3.00 0.00 6.29 0.37 6.66 --- 2.25 5.98 0.26 0.38 0.28 0.92 --- 9.32 5.66 
3.50 --- --- --- --- 7.60 --- --- --- --- --- --- 1.20 --- ---
6.00 0.00 6.29 0.40 6.69 7.40 2.38 5.93 0.00 0.40 0.39 0.79 1.30 7.16 5.91 
9.00 0.00 6.70 0.40 7.10 --- 0.99 6.12 0.00 0.47 0.31 0.78 --- 5.35 5.61 
12.00 0.00 7.14 0.43 7.57 7.40 2.15 6.12 0.00 0.79 0.30 1.09 1.50 7.32 5.68 
----
Experimental Data A-28 
CD = 12 hours, carbon source = 24 mUmin. 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.46 0.00 0.00 8.80 1.60 49.53 8.71 0.20 0.75 0.09 1.04 0.60 12.53 10.23 
0.50 --- --- --- --- 1.60 --- --- --- --- --- --- 0.50 --- ---
1.00 8.46 0.00 0.00 8.80 --- 49.65 8.68 5.08 0.30 0.02 5.40 --- 32.80 13.75 
1.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
3.00 8.80 0.00 0.00 8.80 --- 49.43 8.71 8.80 0.00 0.01 8.82 --- 36.25 12.24 
4.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.30 --- ---
6.00 8.80 0.00 0.00 8.80 --- 49.53 8.71 8.80 0.00 0.02 8.82 --- 40.12 11.18 
9.00 8.80 0.00 0.00 8.80 --- 49.53 8.71 8.80 0.18 0.00 8.98 --- 41.84 10.06 
10.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.40 --- ---
12.00 8.80 0.00 0.00 8.80 1.40 49.53 8.71 8.80 0.42 0.00 9.22 0.30 41.90 10.03 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 0.00 8.27 0.18 8.45 7.50 3.06 10.41 8.71 0.00 0.00 8.71 0.60 39.15 10.42 
0.50 --- --- --- --- 7.40 --- --- --- --- --- --- 1.00 --- ---
1.00 0.00 8.39 0.34 8.73 --- 3.33 12.97 0.32 0.28 0.04 0.64 --- 22.77 9.89 
1.50 --- --- --- --- 7.10 --- --- --- --- --- --- 1.20 --- ---
3.00 0.00 6.75 0.29 7.04 --- 5.45 11.96 0.00 0.40 0.08 0.48 --- 13.18 9.79 
4.00 --- --- --- --- 7.60 --- --- --- --- --- --- 1.30 --- ---
6.00 0.00 7.88 0.45 8.34 --- 3.50 11.30 0.00 0.46 0.10 0.57 --- 12.83 9.99 
9.00 0.00 7.84 0.43 8.27 --- 7.39 10.16 0.00 0.77 0.10 0.87 --- 11.08 10.65 
10.00 --- --- --- --- 7.40 --- --- --- --- --- --- 1.20 --- ---
12.00 0.06 8.29 0.39 8.74 7.40 3.57 10.07 0.00 0.62 0.07 0.70 1.20 12.61 9.95 
Experimental Data A-29 
Time 
(hours) 
0.00 
0.50 
1.00 
2.00 
3.00 
3.50 
5.50 
6.00 
9.00 
12.00 
Time 
(hours) 
0.00 
0.50 
1.00 
2.00 
3.00 
3.50 
5.50 
6.00 
9.00 
12.00 
NH4-N 
8.47 
8.84 
8.47 
8.47 
8.47 
8.47 
NH4-N 
8.47 
8.47 
8.47 
8.47 
8.47 
8.47 
N03-N 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
N03-N 
0.30 
0.46 
0.28 
0.13 
0.30 
0.36 
Experimental Data A-30 
Feed (mg/L) 
N02-N I Total N DO 
0.00 I 8.47 1.30 
1.20 
0.00 8.84 
1.00 
0.00 8.47 
0.90 
0.80 
0.00 8.47 
0.00 8.47 
0.00 8.47 0.80 
Biofilter 2 Effluent (mg/L) 
N02-N I Total N I DO 
0.00 I 8.77 I 0.20 
--- --- ' 0.30 
0.06 
0.00 
0.03 
0.00 
0.00 
9.00 
8.75 
8.64 
8.77 
8.84 
0.40 
0.40 
0.40 
0.30 
TOC 
49.70 
49.70 
49.42 
49.28 
49.10 
48.27 
TOC 
40.27 
39.27 
40.67 
41.27 
38.67 
38.07 
No recycle study 
P04-P 
8.40 
8.40 
8.40 
8.40 
8.40 
8.40 
P04-P 
7.69 
6.32 
6.53 
7.24 
7.20 
7.18 
NH4-N 
8.47 
8.47 
8.47 
8.47 
8.47 
8.47 
NH4-N 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
N03-N 
0.32 
0.30 
0.30 
0.42 
0.26 
0.27 
N03-N 
7.54 
7.39 
7.57 
7.49 
7.42 
7.00 
Biofilter 1 Effluent (mg/L) 
N02-N I Total N I DO TOC P04-P 
0.00 I 8.80 I 0.40 40.77 7.50 
--- --- ' 0.20 
0.00 8.77 40.57 7.78 
0.40 
0.00 8.77 39.77 7.56 
0.20 
0.30 
0.00 8.89 40.27 7.18 
0.00 8.73 37.57 7.22 
0.00 8.74 0.30 37.97 6.91 
Final Effluent (mg/L) 
N02-N I Total N I DO TOC P04-P 
0.47 I 8.01 I 7.50 2.03 7.35 
7.50 
0.48 7.88 2.53 7.56 
7.60 
0.48 8.05 1.88 7.53 
7.90 
7.60 
0.47 7.96 I --- I 1.80 I 7.41 
0.47 
0.46 
7.89 I ___ I 1.63 I 7.16 I 
7.70 1.73 6.88 
1 00% recycle study 
Time Feed (mg/L) Biofilter 1 Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.44 0.00 0.00 8.44 1.60 49.52 8.45 4.15 0.82 0.18 5.80 1.30 13.99 6.44 
0.45 --- --- --- --- 1.60 --- --- --- --- --- --- 0.50 --- ---
1.00 8.44 0.00 0.00 8.44 --- 49.48 8.45 6.78 0.41 0.02 7.61 --- 34.92 6.57 
3.00 8.44 0.00 0.00 8.44 --- 49.44 8.45 8.44 0.54 0.07 8.44 --- 36.57 7.10 
4.50 --- --- --- --- 1.40 --- --- --- --- --- --- 0.50 --- ---
6.00 8.11 0.00 0.00 8.11 1.40 49.36 8.45 8.44 0.00 0.00 8.44 0.50 32.18 7.00 
7.00 --- --- --- --- 1.40 --- --- --- --- --- --- 0.20 --- ---
9.00 8.11 0.00 0.00 8.11 --- 49.30 8.45 8.44 0.00 0.00 8.44 --- 33.37 6.29 
12.00 8.44 0.00 0.00 8.44 1.20 49.14 8.45 8.44 0.22 0.00 8.66 0.40 41.77 6.35 
Time Biofilter 2 Effluent (mg/L) Final Effluent (mg/L) 
(hours) NH4-N N03-N N02-N Total N DO TOC P04-P NH4-N N03-N N02-N Total N DO TOC P04-P 
0.00 8.29 0.30 0.00 8.59 6.80 47.41 6.38 1.67 4.77 0.34 6.48 1.20 4.21 6.49 
0.45 --- --- --- --- 6.90 --- --- --- --- --- --- 1.90 --- ---
1.00 7.50 0.91 0.22 8.68 --- 17.99 6.29 1.40 4.79 0.43 6.40 --- 4.23 6.62 
3.00 4.92 1.70 0.19 6.99 --- 17.19 6.33 1.01 4.89 0.41 6.18 --- 3.59 6.67 
4.50 --- --- --- --- 7.40 --- --- --- --- --- --- 1.90 --- ---
6.00 3.98 1.48 0.17 5.85 7.30 17.29 6.39 0.79 4.41 0.32 5.58 1.60 4.61 6.57 
7.00 --- --- --- --- 7.40 --- --- --- --- --- --- 1.20 --- ---
9.00 3.98 1.04 0.17 5.42 --- 14.29 6.22 0.79 4.44 0.31 5.54 --- 3.12 6.33 
12.00 3.98 0.91 0.18 5.31 7.40 12.44 6.34 0.79 4.39 0.32 5.48 1.20 2.67 6.29 
' 
Experimental Data A-31 
